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ABSTRACT  
This thesis investigates the interstitial oxide ion accommodation, induced local deformation around interstitial defects and increase in ionic conductivity in doped La3Ga5GeO14 materials with a langasite structure. The choice of langasites as a target system for oxide interstitial doping was motivated by their structural resemblance with apatite and melilite materials, which by the accommodation of up to 3.7 and 4.6 % of extra oxygen respectively increased the ionic conductivity up to 5.6 ⨯ 10-3 S∙cm-1 in La9.75Sr0.25(SiO4)6O2.875 and 4.1 ⨯ 10-2 S∙cm-1 in La1.54Sr0.46Ga3O7.27 at 700 °C. The good ionic conducting properties shown by these materials lights the way for the development of novel oxide ionic conducting materials toward the doping of tunnelled structures with large voids for oxide interstitials and away from the more traditional approach based on the generation of oxygen vacancies by aliovalent doping of close-packed systems such as fluorite ( . . YSZ, GDC) and perovskite ( . . LSGM) type materials.  Here we show that the La3Ga5GeO14 langasite is able to accommodate 5.36 % of extra oxygen in La3Ga3.75Ge2.5O14.75 by a carefully developed Pechini route. Elemental analysis in various La3Ga5-xGe1+xO14+x/2 compositions presented in this work demonstrated the successfully substitution of Ga for Ge at the desired ratio with the consequent incorporation of extra oxygen. AC conductivity measurements were carried out on dense pellets prepared by conventional and fast Spark Plasma-assisted (SPS) sintering methods revealing an increase in the conductivity of two orders of magnitude (~4 × 10-3 S∙cm-1 at 700 °C in La3Ga5GeO14.25) when compared to the un-doped langasite (La3Ga5GeO14, ~1 × 10˗5 S∙cm-1). The location of the extra oxygen and the induced local deformation was studied by 71Ga and 17O Solid-State NMR and high-resolution neutron powder diffraction (NPD) techniques. The extra oxygen incorporated by doping was found to form a (Ga/Ge)2O8 unit predicted by DFT calculations.  Two neighbouring tetrahedra sites bridged by oxygen are relaxed into two pseudo square-based pyramid like polyhedral sharing one edge. This unit shows a high resemblance to the Ge2O8 unit found in La3GaGe5O16.  Two additional doping mechanisms were studied involving the partial and complete substitution of La/Ga in La3Ga5-xGe1+xO14+x/2 for isovalent cations: La3˗yLnyGa5˗xGe1+xO14+x/2 where Ln = Pr, Nd, Sm and Gd and La3Al5-y-xGayGe1+xO14+x/2.  Neutron powder diffraction studies carried out in these compositions revealed a (Ge/M)2O8 environment for the extra oxygen analogous to the one determined for La3Ga3.5Ge2.5O14.75 and La3Ga4Ge2O14.5. The conductivity analysis revealed a decrease in the bulk conductivity at 500 °C with the decrease in size of the large lanthanide atoms from ~2.44 × 10-5 S∙cm-1 in La3Ga4.5Ge1.5O14.25 to 4.51 × 10-6 S∙cm-1  in La1.5Nd1.5Ga4.5Ge1.5O14.25. The isovalent substitution of Ga3+ for Al3+ causes a decrease in conductivity by one order of magnitude, where the highest conductivity value of  2.94 × 10-6  S∙cm-1  is reached by La3Al4.8Ge1.2O14.1 at 500 °C. 
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GLOSSARY OF ABBREVIATIONS, SYMBOLS AND ACRONYMS 
 The significance of the abbreviations and acronyms used throughout this thesis are enumerated in the following table.   
  
, , , , ,  Lattice parameters 
 Absorption corrections 
AFC Alkaline Fuel Cell 
ASR Area Specific Resistance 
 Neutron nuclear scattering length  
=  8  ‘B-factor’ 
BiCuTiVOx Bi4Cu0.15Ti0.15V1.7O11-δ BiMeVOx (Bi–bismuth, Me–dopant metal, V–vanadium, Ox–oxide)  
BUTVAR Poly Vinyl Butyral 
 Speed of light 
CA Citric Acid  
ccp Cubic close-packed 
CCR Close-Cycled Refrigerator 
CGO Gadolinium Doped Ceria, Ce1-xGdxO2-δ CHP Combined Heat and Power systems 
CIP Cold Isostatic Pressing 
CW Constant Wavelength 
 Interplanar spacing between (ℎ ) planes 
DF Driving Force 
DIR Direct Internal Reforming 
 Charge of the electron 
 Activation energy 
EG Ethylene Glycol 
EM Electron Microscopy 
 X-ray scattering form factor (ℎ ) Structure factor for ℎ  diffraction peak 
fcc Face Centered Cubic  
GEM GEneral Materials diffractometer ( ) Gaussian profile function 
ℎ Planck’s constant 
HIP Hot Isostatic Pressing 
ℎ  Reflection indices 
HRPD High Resolution Powder Diffractometer 
HT-SOFC High Temperature Solid Oxide Fuel Cell 
IT-SOFC Intermediate Temperature Solid Oxide Fuel Cell 
 Boltzmann’s constant 
 Lorentz polarisation correction 
LSGM La1-xSrxGayMg1-yO3-δ ( ) Lorentzian profile function 
 Modulus 
 Indexing figure of merit 
MCFC Molten Carbonate Fuel Cell 
MIEC Mixed Ionic-Electronic Conductors 
NMR Nuclear Magnetic Resonance Spectroscopy 
NPD Neutron Powder Diffraction 
 















ORR Oxygen Reduction Reaction 
PAFC Phosporic Acid Fuel Cell 
PEMFC Proton Exchange Membrane Fuel Cell 
PVA Polyvinyl Alcohol 
pO2 Partial pressure of oxygen ( ) Pseudo-Voigt profile function 
 Resistance  Expected profile R-factor 
 Weighted profile R-factor 
 Scale factor 
 Goodness of fit  Sum of the squared differences 
SDC Samaria Doped Ceria, Ce1-xSmxO2-δ SECA Solid-state Energy Conversion Alliance 
SEM Scanning Electron Microscopy 
SOFC Solid Oxide Fuel Cell 
SPS Spark Plasma Sintering 
SXRD Synchrotron X-ray Diffraction 
 Temperature 
 Transport number 
TEC Thermal Expansion Coefficient 
TEM Transmission Electron Microscopy 
TOF Time Of Flight 
TOPAS Total Pattern Analysis Suite 
TPB Triple Phase Boundary region 
YSZ Yttrium Stabilized Zirconia, Zr1-xYxO2-x/2 Uij Anisotropic Displacement Parameters 
 Cell volume 
 Speed of electron, speed of neutron 
,  Calculated count at ith step 
,  Observed count at ith step  Impedance 
ф Volume fraction of a solid 
 Specific surface energy 
ε Permittivity 
 Bragg angle 
 Wavelength  
 Variance 
 Electronic conductivity  
 Ionic conductivity 
 Measure of goodness of fit 
ω Angular frequency 
∅ Diameter 
  

















LIST OF APPENDICES 
APPENDIX 1 LIST OF REPORTED MATERIALS WITH A LANGASITE STRUCTURE .......................................... 179 APPENDIX 2 La3Ga5MO14 WHERE M =SI AND TI ........................................................................................... 180 APPENDIX3 PAWLEY FITS.................................................................................................................................... 181 APPENDIX 4 NPD REFINED La3Ga3.5Ge2.5O14.75 FINAL MODELS ................................................................. 197 APPENDIX 5 (GA/Ge)2O8 LOCAL ENVIRONMENTS ........................................................................................ 205 APPENDIX 6 POST-AC IMPEDANCE La3Ga5-XGe1+XO14+X/2 PXRD PATTERNS ............................................ 213 APPENDIX 7 COMPARISON OF THE BULK CONDUCTIVITY OF SPECIMENS WITH DIFFERENT DENSITIES . 215 APPENDIX 8 POST-MEASUREMENT PURITY CHECKS ....................................................................................... 217 APPENDIX 9 SEPARATE AND COMBINED GEM AND I11 REFINEMENTS OF La3Al3.5Ge2.5O14.75 AT 297 K ....................................................................................................................................................................... 221    
A study of novel electrolyte materials with interstitial oxides as mobile species  Maria Diaz Lopez- February 2016  
Introduction   1 
1 INTRODUCTION 
This chapter briefly introduces the current energy needs and prospects that motivated the search for environmentally friendly energy sources such as Solid Oxide Fuel Cells (SOFCs). Then, the challenges that the various components of a fuel cell: cathode, anode and electrolyte faced in order to ensure a proper operation are discussed. One of the limiting factors of SOFCs devices is the slow oxide ion migration at an intermediate temperature range (500-750 °C). Thus, this technology will greatly benefit from the discovery of novel electrolyte materials which allow for a fast ionic conductivity at lower temperatures.  The state-of-the-art electrolyte materials are presented in this chapter with particular focus on those structures in which the oxide ion migration occurs via interstitials. A careful inspection of these materials allowed us to identify the langasites family of materials as a potential host for interstitial oxides.  
1.1 Current energy demands and SOFC research motivation  
One of the major challenges of Science and Engineering for the 21st century is the search for new clean technologies alternative to non-renewable fossil fuel power generation methods. This highly desired goal is motivated by the limited supply of fossil fuels which in turn entails severe environmental damage and an increase demand for energy1,2 linked to an increase in population3.  Amongst the existent renewable energy sources, fuel cell technology constitutes an attractive method for the decarbonisation of the future4. Fuel cells are electrochemical energy conversion devices which allow for a direct conversion of chemical energy from a fuel and an oxidant gas into electricity5. Commonly, fuel cells are referred to as a crossover point between heat engines and batteries: like combustion engines fuel cell technology uses of a chemical fuel as energy source; but like a battery, the chemical energy is directly converted into electricity. The electrochemical oxidation of a fuel can be carried out at very high efficiencies as fuel cells are no subject to the Carnot efficiency losses and can be recharged more quickly and easily compared to heat engines, which utilize a more inefficient combustion step6,7.  There are a number of fuel cell technologies which operate over a wide range of temperatures from ambient up to 1000 °C. Amongst the several types of fuel cell technology, the five more developed type of cells are introduced in Table 1-1 as follows: polymer 
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(PEMFC), alkaline (AFC), phosphoric acid (PAFC), molten carbonate (MCFC) and solid oxide fuel cells (SOFC)8. Each cell type is named after the ion transport mechanism of the electrolyte, which in turn delimits the operational temperature of the cell.   Table 1-1 Fuel cell types 
Fuel Cell Type Operating temperature8 (°C) Mobile ion Electrolyte 
Proton Exchange Membrane (PEMFC) 30-100 H+ Sulfonated polymers9-11 
Alkaline (AFC) 50-200 OH- KOH solution 
Phosphoric Acid (PAFC) ~220 H+ H3PO4 in a SiC matrix Molten Carbonate (MCFC) ~650 CO32- Li2CO3-K2CO2 in a LiAlO2 matrix 
Solid Oxide (SOFC) 500-1000 O2- Ceramic 
 It should be noted that the low temperature fuel cell technologies: PEMFC, AFC and PAFC require high purity hydrogen as fuel free from CO to avoid the poisoning of the platinum used as a catalyst. Therefore, low temperature fuel cells require of a fuel processor to remove CO from the fuel mixture which entails a degree of complexity and additional cost to these systems compared to the Pt-free higher temperatures systems: MCFC and SOFC. Due to the H2 fuel-related issues to do with its generation and storage, the hydrogen economy remains an important technological challenge12,13. Alternatively, in the higher temperature cells the use of hydrocarbons14,15 (methane, ethane, 1-butene and toluene) through Direct Internal Reforming (DIR) is also possible.   Despite of the elevated operational temperatures of up to 1000 °C, SOFCs remain in the solid state whereas this does not hold for MCFCs. In the latter devices, the hot and corrosive electrolyte melt of lithium and potassium carbonates leads to a degradation of the cell16. Much research is still needed to address the long-term stability issues that derive from molten electrolytes. On the other hand, the complete solid-state SOFC devices use pure oxide ionic conductor ceramic material as the electrolyte. This allows for a more simplistic design without any need for large radiators, cooling fans or pumps17.   Over the past half century, high temperature SOFC (HT-SOFC) technology operating at 750-1000 °C was successfully developed in stationary and central power plants18 by large multi˗national companies ( . . General Electrics, Siemens Westinghouse, Rolls Royce, .). The much-needed high operational temperatures of ~1000 °C, which allow to overcome the energy barriers for a fast oxide ion migration, have associated disadvantages such as mechanical and chemical incompatibility between components of the cell, the need of expensive interconnects and heat exchangers and extended start-up times of fuel burning to reach the operating temperature. In order to reduce the overall system cost while maintaining the DIR characteristics, the SOFC operating temperatures have been lowered into an intermediate regime 500-750 °C, in the so-called IT-SOFC. The lower-operating temperature in IT-SOFC operating in hydrocarbon-air mixtures allows to spread the use of this technology for the power generation in vehicles and micro-combined heat and power (CHP) systems 19. The successful development of IT-SOFC by Mitsubishi materials20, the Solid State Energy Conversion Alliance (SECA), ., highlights the potential use in the near future of this technology while  improvement of the design and constituents of the cells are still needed for optimal performance and affordability.  
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 SOFC have the potential to use either an oxide ion or a proton conductor as the electrolyte. The higher conductivity of proton in comparison with oxide ions at lower temperatures is caused by the smaller size of the former element. This fact has promoted the investigation of proton conducting materials for IT-SOFC applications21. In those SOFC with a proton conducting electrolyte the protons produced at the anode migrate though the electrolyte to the cathode leading ultimately to the formation of water molecules. The formation of water at the cathode leads to some advantages with respect to the oxide ion conducting electrolytes, where the water is formed at the anode diluting the fuel. However, the chemical instability of these materials to H2O or CO2 SOFC by-products has hindered the development of a proton conducting electrolyte based technology.   
1.2 SOFC explained: Unit cell components 
The primary components of a SOFC are a dense electrolyte sandwiched between two porous electrodes: a cathode and anode. Figure 1-1 shows a very simple representation of a single SOFC unit, in which the oxygen present in air enters the cell through the porous cathode where it undergoes a reduction reaction as follows:  1 2 + 2  →   Equation 1-1 Cathode reaction  Equation 1-1 stands for the reduction of molecular oxygen into oxide ions at the surface of the cathode. The mobile oxide ions diffuse through the cathode and electrolyte layers into the anode in which it becomes in contact with the fuel (which corresponds to H2 in Figure 1-1). The fuel fed into the anode undergoes the oxidation reaction introduced in Equation 1-2.  +   →  + 2  Equation 1-2 Anode reaction  The burning of fuel consumes oxide ions ( ) and generates a gradient across the electrolyte warranting further migration of these ions from the cathode into the anode. The electrons ( ) generated in the oxidation of the fuel are fed into an external circuit for useful electrical power and innocuous water is formed as a by-product.  
+ 1 2  →   Equation 1-3 Overall reaction   
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 Figure 1-1 Schematic representation of a single SOFC operated with H2. The SEM image shows the microstructure of an LSFC cathode, GDC electrolyte and a Ni-GDC anode taken from ref. 22.  Each of the cell components mentioned above must meet severe demands dictated by the cell environment in order to secure an adequate operation of the cell. These individual demands for each cell component are discussed in the Sections 0-0. The selected materials are also required to be thermal, chemically and mechanically stable at the cell operating conditions and compatible with the other components of the cell ( . . having matching thermal expansion coefficients (TECs)).  
1.2.1 Anode 
Since the fuel oxidation is catalysed at the anode of the cell, the material of choice for the anode must catalyse this reaction efficiently and allow for the conduction of the electrons generated in this reaction. Typically, conductivity values of 100   are required for an efficient transport of the electrons generated17. The most common choice of anode materials are porous cermets23 ( . . a composite of ceramic and metal). State-of-the-art SOFCs use Ni-YSZ due to the excellent catalytic properties of nickel metal24. Research in this field has also studied the development of alternative electrodes to enable the use of the readily available fuels25 which predominantly comprise the replacement of YSZ for GDC and nickel for copper15,24,26.  
1.2.2 Cathode 
Complex interactions involving high activation energies of mobile electronic, ionic and molecular species occur at the cathode, which are introduced in Equation 1-4 to Equation 1-6. The first chemical process (see Equation 1-4) involve the adsorption, dissociation and reduction of molecular oxygen taking place at the surface of the cathode in the so called triple-phase boundaries (TPBs) outlined in Figure 1-2 ( . .  where the electrode, the electrolyte and the gas phase are in contact27).  The second reaction in Equation 1-5 accounts for the diffusion of oxygen from the surface into bulk of the cathode material and lastly, the oxide ions are transferred from the cathode into the electrolyte in Equation 1-6.   1 2 (g) + 2 (cathode) →  ( ℎ  ) Equation 1-4 Oxygen Reduction Reaction  ( ℎ  ) →  ( ℎ  ) Equation 1-5 Diffusion  
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( ℎ  ) →  ( ) Equation 1-6 Charge-transfer of oxygen ions across the cathode-electrolyte interface  In order to improve the performance of cathode materials, Mixed Ionic-Electronic Conductors (MIECs) materials have been investigated. Since the electrochemically active TPB region which catalyses the oxygen reduction reaction (ORR) can be extended to a finite length with MIECs.   
 Figure 1-2 Triple Phase Boundary (TPB) region.  Modern cathode materials primarily include perovskite-type structures (see Figure 1-6 on page 10): La1-xSrxMnO3-δ (LSM)28,29 La1-xSrxCo1-yFeyO3-δ (LSCF)30,31, Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF)32, LaNi1-xFexO3-δ (LNF)33, layered double perovskite such as GdBaCo2O5+δ (GBC)34,35 and Ruddlesden– Popper type materials36 with greatest efforts being dedicated to the study of the performance of La2NiO4+δ37,38. Although some of these materials show high ORR activity at an intermediate 500-750 °C temperature range, the stability and compatibility issues with other electrolyte and interconnects also present in the cell prevents their utilization in IT-SOFCs39. Thus, despite its low oxygen ion conductivity at reduced temperatures LSM is still the most predominantly used cathode material.   
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Even in the best MIEC cathode materials reported to date, the distance that the electrode reaction extends beyond the TPB region is limited to a few microns40. An alternative to enhance ionic conductivity and catalytic activity for the oxygen reduction reaction (ORR)41-
43 is the catalyst infiltration in nano-architectured electrodes which results in a higher surface area of electrocatalytic cathode material. Such percolated system exhibits superior performance compared to the MIEC alone44,45. 
1.2.3 Electrolyte  
Electrolyte materials are required to be dense thin layers of pure oxide ion conductors with negligible electronic conductivity17 ( . . retain a transport number ( ) close to unity), where the transport number is defined as:  
=  +  ≈ 1 Equation 1-7 Transport number  In Equation 1-7 the numerator ‘ ’ is the contribution of the ionic conductivity to the total conductivity and the denominator is the total conductivity which is calculated by the addition of the ionic and electronic ‘ ’ conductivities.  Assuming that the contribution of the electrolyte to the total Area Specific Resistivity ( ) should not exceed 0.15  , then for a thick film of an L thickness of 15 μm, the associated conductivity value should conduct above > 1 ⨯  10  ·  ( = / ). The best-conducting electrolyte materials studied up to date are presented later on in this chapter in section 1.4.  
1.3 Next generation SOFC  
As previously stated in 1.1, there is still much work to be done in the not yet matured IT-SOFC technology. A very attractive prospect which will allow spreading the use of this technology and with it revolutionize the energy future, is to accelerate the oxygen catalysis and diffusion in the cell.  New alternative manufacturing routes involving the reduction of the electrolyte thickness46,  novel cell designs47-50  and new materials are constantly being identified4,51  as promising candidates for the next generation IT-SOFC-technology51.   The focus of this thesis is to search for new electrolyte materials inspired by the promising interstitial ionic conduction observed in apatites and melilites. The state-of-the-art electrolytes materials are presented below to contextualize the choice of the langasite structure for doping.   
1.4 Insights into electrolyte materials: state of the arts 
High ionic conductivity in crystalline solids is a widely recognised phenomenon, yet rare. Fast ion migration is mostly shown at high temperatures approaching the melting point of the material. Most traditionally studied oxide electrolyte materials are aliovalently doped fluorite- (see 0) or perovskite-related (see 0) structures in which ionic transport is mediated through oxygen vacancies52. The conductivities of these materials along with more modern materials studied up to date (see 0) with a view to IT-SOFC applications is given in Figure 1-4. From this graph, one could see that the state-of-the-art electrolyte materials intersect with the ‘Desired σ   ’ region at the higher 600-700 °C and not at the lower 500-600 °C limit.  
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 Figure 1-4 Arrhenius plot of the total conductivity of selected electrolyte materials with competitive conductivity values for their potential application in SOFC. Solid lines are used for those materials in which the oxide ion migration is mediated via vacancies and dashed lines for interstitials. For clarity the materials in the plot are labelled with a number which corresponds to the order in which they have been introduced in this chapter: (1) Zr0.9Y0.1O1.9553 (YSZ), (2) Ce0.9Gd0.1O1.9554 (GDC), (3) Bi0.75Y0.25O1.555 (Stabilized δ-Bi2O3), (4) La0.8Sr0.2Ga0.83Mg0.17O2.81556 (LSGM), (5) Ba2In2O557 (Brownmillerite), (6) Bi4Cu0.15Ti0.15V1.7O11-δ58 (BICUTIVOX), (7) La9.75Sr0.25(SiO4)6O2.89559 (Si-apatite), (8) La9.5(Ge5.5Al0.5O24)O260 (Ge-apatite), (9) La1.54Sr0.46Ga3O7.2761 (Sr-melilite) and (10) La1.64Ca0.36Ga3O7.3262 (Ca-melilite). It should be noted that the actual conductivity values will depend on the microstructure, exact level of doping and sintering processes.  As mentioned before, in addition to good ionic conductivity values, the ideal electrolyte must meet further requirements regarding chemical and physical stability and compatibility with other components of the cell at the operating temperatures. Some of the critical issues encountered in the use of these materials for practical applications are summarized in Table 1-2.   
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Table 1-2 Potential oxide ion electrolytes for IT-SOFC and their associated critical issues41,42,63. 
Electrolyte Structure type Critical issues  
Zr1-xYxO2-x/2  (YSZ) Fluorite 
- Poor ionic conductor at low temperature. - Incompatible with Sr-doped LaMO3 (M = Mn, Co) at the cell’s operating conditions. 
Ce1-xMxO2-δ  M = Gd(GDC),  Sm(SDC)  
Fluorite 
- Unstable at low . - Poor mechanical stability, large grain boundary resistance at lower temperature. 
Bi0.75Y0.25O1.5 ‘δ-Bi2O3’ Fluorite 
- Unstable at low .  
La1-xSrxGayMg1-yO3-δ  (LSGM)  Perovskite 
- Unstable at low . - Ga volatilization and cost - Reactive with Ni anode at elevated temperatures. 
Bi4MxV2-xO11-δ (BIMEVOX) Aurivillus  - Limited stability at variable  conditions. 
Ba2In2O5  Brownmillerite  
- Unstable at low . - Poor  at low temperature. - Shows a first-order phase transition accompanied by structural change. - Unstable in a CO2 atmosphere. 
La9.33+x(MO4)6O2 M = Si, Ge Apatite 
- Ge volatilization and cost. - SiO volatilization from the surface at low . 
La1+xA1-xGa3O7+x/2 A = Ca, Sr Melilite 
- Ga volatilization and cost. - Reactive with La2NiO4+δ, and La0.80Sr0.20MnO3−δ.  
1.4.1 Structures containing oxygen vacancies 
The vacancy-driven ionic conductivity in traditionally studied electrolyte materials is largely influenced by dopant-vacancy interactions. If defect interaction takes place, the maximum value of the conductivity is not a function of the vacancy stoichiometry and will occur at a lower concentration of dopant. Thus, most research on these systems is dedicated to understand the dependence of the concentration of defects with the conductivity and type of dopants64,65. 
1.4.1.1 Fluorite related structures: 
The fluorite structure (prototype CaF2) has fluoride ions in a cubic arrangement and calcium cations inserted into half of the cubic voids (see Figure 1-5). The high ionic conduction associated with the fluorite structure, such as the fast F- migration in PbF2 is well-known and was first reported by Faraday over 200 years ago in 1834, where the conduction of F- in PbF2 takes place through excess F- ions occupying the octahedral interstices66. Later in 1897, Nernst patented the first application of oxide ionic conductors for Zr1-xYxO2-x/2 (YSZ) in the Nernst-glower67. This development motivated the search of novel oxide materials with fluorite structures to meet the requirement of high oxide-ion conductivities demanded for modern applications over the past century.   
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 Figure 1-5 ZrO2 fluorite structure with a cubic close-packed (ccp) array of Zr in blue and O2- ions in red filling the tetrahedral voids.   Stoichiometric AO2 oxides such as ZrO2 (see 0) and CeO2 (see 0) do not exhibit a transition to the conducting fluorite phase at temperatures that are of interest for technological applications. In order to induce a phase transformation at lower temperature dopants with a lower valence and similar size are accommodated into these structures, with the subsequent formation of vacancy defects. An alternative approach consists on the doping of fluorite-related M2O3 such as the cubic δ-Bi2O3 form (see 0), whose formula can also be expressed as MO1.5⧠0.5 where ⧠ denotes the presence ¼ of vacancies in the oxygen sublattice68. 
1.4.1.1.1 Stabilized zirconia Zr1-xYxO2-x/2 (YSZ) 
Pure ZrO2 undergoes a phase transition from monoclininc to tetragonal at 1170 °C and from tetragonal to cubic fluorite at 2370 °C, which exists up to its melting point at ~2680 °C5. The addition of aliovalent oxides  allow for the stabilization of the cubic form at a lower temperature range which enable the use of this materials as an electrolyte69. The most widely used stabilized zirconia is a solid solution with yttrium: Zr1˗xYxO2-x/2 (YSZ).  Y3+ can be used to substitute Zr4+ with a higher valence resulting in the formation of oxygen vacancies. The composition with 8% mol of Y2O3 is found to lead to the best conductivity properties53,70.  YSZ is the most widely used electrolyte material in operational SOFCs due its high chemical stability under the cell operating conditions and compatibility with other cell components53. However, the conductivity of YSZ below 850 °C is poor, thus demanding the use of high temperatures. 
1.4.1.1.2 Doped Ceria Ce1-xSmxO2-δ (SDC) and Ce1-xGdxO2-δ (CGO) 
Ionic conductivities of ceria-alkaline earth ( . . Ca, Sr and Ba) and rare-earth ( . . Gd and Sm) oxides have been investigated in relation to their structures and conductivities71. Amongst these strategies, the latter approach involving the substitution of Ce4+ cations for Gd3+ and Sm3+ gave rise to the highest conductivities inducing up to 20 % of oxygen vacancies. The most appropriate composition for use in IT-SOFCs achieving the minimum desired conductivity of 10−2 S·cm−1 at 500 °C is Ce0.9Gd0.1O1.95. 72  The ionic conductivity values reported for Sm and Gd doped ceria (SDC and CGO respectively) electrolyte materials are higher than the ones reported for YSZ at an intermediate temperature range 500-700 °C. However, the operation of SDC and CGO is affected by the partial reduction of Ce4+ to Ce3+ upon exposure to a reducing atmosphere, leading to an n-type electronic conductivity. This in turn reduces the Open Circuit Potential (OCP) making them less efficient for practical applications72-74.  
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1.4.1.1.3 Stabilized δ-Bi2O3: Isovalently doped Bi2-xLnxO3 
The cubic δ-Bi2O3 with a fluorite structure possesses a high ionic conductivity with a large concentration of oxygen vacancies of 25 %. Due to its high vacancy concentration, δ-Bi2O3 undergoes an order-disorder transition of the oxygen sublattice to a monoclinic phase below 600 °C resulting in a steep decrease in the conductivity55.  In order to stabilize the highly conducting cubic fluorite structure several lanthanide dopants have been substituted by the isovalent Bi3+ cation which are reported in ref. 55,75-77. Amongst these studies, the Bi2O3-Y2O3 solid solution showed a defect fluorite-type structure stable over a wide range of temperatures78. The conductivity of Bi0.75Y0.25O1.5 is given in Figure 1-4.    One characteristic which hinders the applicability of Bi2O3 in SOFC is the decomposition 
process to Bi metal which takes place at low oxygen partial pressures (  ~10 )78.  
 →   2  ( ) + 32  ( ) Equation 1-8  Some studies have reported an increase in the stability of these materials at lower   values by the co-doping with Nb79,80 and W81,82 without inhibiting the ionic conductivity ( . . co-doped stabilized bismuth oxide with a (Dy2O3)0.08(WO3)0.04(Bi2O3)0.88 composition has an adequate conductivity value of 0.098 S·cm-1 at 500 °C and  a thickness of 10 μm83).  
1.4.1.2 Oxygen deficient perovskites 
The ABO3 perovskite shown in Figure 1-6 is one of the most diverse and flexible known crystal structure84. Moreover, perovskites can readily allocate vacancies in the oxygen sublattice, making them suitable candidates for doping.   
 Figure 1-6 ABO3 perovskite structure displayed by LaGaO3 where A cations are denoted in blue, BO6 octahedra in green, and oxygen atoms in red. 
1.4.1.2.1 La1-xSrxGayMg1-yO3-δ (LSGM) 
The pseudocubic co-doped lanthanum gallate ‘La1-xSrxGayMg1-yO3-δ’ (LSGM) has attracted much attention due to its remarkable ionic conduction properties with a negligible electronic contribution in the intermediate temperature range with respect to the widely used YSZ electrolytes (0.079 S·cm-1 at 700 °C for La0.8Sr0.2Ga0.17Mg0.83O3-δ56). The drawbacks 
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to the use of LSGM as an electrolyte are associated with the high cost and volatility of gallium. Moreover, LSGM is found to react with nickel which is present in most commonly used anode materials85.  
1.4.1.2.2 Brownmillerite: Ba2In2O5 
Ba2In2O5 named after the Brownmillerite57 (Ca2FeAlO5) and Ba3In2MO8 where M = Zr86, Hf and Ce, adopt layered perovksite-related structures in which the octahedral units alternate with tetrahedral units. Ba2In2O5 and Ba3In2MO8 are isostructural to Ca2Fe2O5 and Ca3Fe2TiO8 respectively depicted in Figure 1-7.  
 Figure 1-7 Structures of Ca2Fe2O5 (a) and Ca3Fe2TiO8 (b). Ca cations are denoted in blue, octahedral and tetrahedral sites occupied by Fe and Ti are  depicted in green and violet respectively and oxygen atoms are given as red spheres.  With the increase in temperature, Ba2In2O5 undergoes a phase transition from the brownmillerite structure having ordered oxygen vacancies to a disordered tetragonal phase reaching conductivity values as high as ~0.08 S·cm-1 at the transition temperature 
 ~930 ° .87  Attempts to stabilise the highly conducting phase at lower temperatures  involved doping at the Ba site ( . . for La or Sr)88 and the In site ( . . for Ce4+, Mn5+, Y3+, Er3+ or Ga3+)57,89,90  or the substitution of O2- anions for F-91. An increase in conductivity at low temperatures with low activation energies of 0.6 eV87 is feasible trough doping. However, the conductivity achieved in doped BaIn2O5 and  Ba3In2MO8 phases is comparable to YSZ with the added disadvantage of displaying electronic conductivity under variable redox conditions92,93 as well as proton conductivity under water uptake at low temperatures94,95.  
1.4.1.2.3 BIMEVOX and Aurivillus phases  
γ-Bi4V2O1196 is the tetragonal high temperature polymorph belonging to the Aurivillus layered-perovskite family. Its structure consists on [Bi2O2]2+ layers intercalated with oxygen deficient [VO3.5⧠0.5]2- slabs. At high temperatures (>570 ° C)97 the disorder of the oxygen vacancies in the perovskite layers is responsible for an increase in the ionic conductivity. The oxide ion migration occurs within the -  plane parallel to the perovskite-like layers as indicated by impedance analysis on a single crystal specimen: an increase in conductivity from 0.018 S·cm-1 in the direction perpendicular to the perovskite layers up to 0.63 S·cm-1 in the parallel direction at 700 °C was observed98.   
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In an attempt to stabilise the γ-Bi4V2O11 phase at lower temperatures, Abraham  . design a new family of ionic conductors by the partial substitution of V for other metal ions  ( . . Cu or Ni) which they named BIMEVOX99 (see Figure 1-8). Since Abraham’s first publication in 1990 numerous attempts to dope the BIMEVOX phases were carried out involving substitutions of both Bi and V including: Ti, Cr, Fe, Ga, Zr, Sn, La, Ta55,100,101, .   Although this family of ionic-conductors exhibit good ionic conductivity, they do not meet additional stability requirements for practical purposes. The issues associated with electronic conduction at low oxygen pressures and abnormal grain growth leading to cracking during the processing of BIMEVOX materials remains a challenge102-104. Amongst the several BIMEVOX systems explored up until now, the doubly substituted Bi4Cu0.15Ti0.15V1.7O11-δ (BICUTIVOX) has attracted much attention due to its  widest processing window, which allows for a successful densification of this compound with no preferred orientations58. 
 Figure 1-8 Idealized structure of Bi4(V2-xNix)O11-δ105 (without the splitting of the oxygen sites in the perovskite-type layer). The octahedral sites are occupied by V and Ni atoms and coordinated to six oxygen (small red spheres)/oxygen vacancies. Bi atoms are shown in blue. 
1.4.2 Interstitial oxide ionic conductors 
In recent years, the research in this field has shown a growing interest in targeting anisotropic flexible oxide framework structure for interstitial doping, as opposed to the more traditional approach based on the generation of oxygen vacancies by aliovalent doping of close-packed systems such as fluorite ( . . YSZ53, GDC54) and perovskite ( . . LSGM106) type materials.  This highly desired lattice flexibility for fast oxide ion mobility at lower temperatures is found in rare-earth oxyapatites (La9.33+x(M4+O4)6O2+x/2 for M = Ge or Si)107,108  and melilites (La1+xMxGa3O7+x/2 for M = Sr or Ca)61,62 based on isolated (0D) and layered (2D) tetrahedral units. Furthermore, the novel interstitial conduction pathways and high degree of 
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anisotropy in these systems offer the possibility of developing new conducting devices with enhanced performance.  The discovery of fast oxide ion conductivity in the apatite system with large lattice anisotropy constituted an innovative approach with respect to the previous doping studies on highly isotropic system. Moreover, the rotational flexibility of the isolated tetrahedra in Ge/Si oxyapatites is also observed in other oxide ion conductors ( . . La0.2Pb0.8WO4.1109), mixed-ionic conductors ( . .CeNbO4+x110,), or protonic conductors ( . . La1-xSrxNbO4-δ111) with a scheelite structure. It is also worth to mention the oxygen uptake reported in cuspidines RE4(A2-xBxO7+x/2⧠1-x/2)O2 where RE3+ = La, Nd, Sm, Gd, A3+ = Al, Ga and B4+ = Ge, Ti112,113. Cuspidine’s structure is based on flexible M2O7 dimers consisting of two interconnected tetrahedra separated by larger LnO7 and LnO8114 which are able to bind the interstitial oxide.  However, cuspidines have attracted less attention due to their moderate 
conductivities ( 4.33 ⨯  10  ·  for Gd4Al0.8Ge1.2O7.6⧠0.4)O2 at 700 °C113).  When speaking of interstitial-mediated oxide ion conductors we cannot fail to mention Ca12Al14O33115 (with a mayenite structure), UO2+x116,117 (fluorite) or La2NiO4+δ118,119 (with a pervoskite-related structure shown in Figure 1-3- ). 
1.4.2.1 0D tetrahedral moieties: Apatites 
Apatite materials have the general formula A(1)2A(2)3(MO4)6X2 where A = Ln, Na, K, Ca, Sr Ba, Mn, Cd, Pb, ; M = Si, Ge, P, V and X =O, OH, F, Cl, Br, I120. Figure 1-9  shows the stacking of MO4 tetrahedra along the -direction forming three channels: one type occupied by a 9-coordinated A(1) surrounding a row of oxide ions at the centre and a third channel containing 8-coordinated (seven oxygen and one X atom) A(2) cations.  
 Figure 1-9 A(1)2A(2)3(MO4)6X2 Apatite structure. The two large A(1) and A(2) cations are coloured in different shades of blue light and dark respectively, MO4 polyhedra are orange and the oxygen atoms are red spheres.   Over the past years, the good conductivity properties displayed by lanthanide Si and Ge apatites with the formula Ln9.33+x (Si/GeO4)6O2+3x/2 have attracted much attention from researchers in this field. These investigations were motivated by the low activation energies associated with the oxide interstitial migration resulting in a higher conductivity at lower temperatures (400-700 °C) compared to the formerly introduced conventional fluorite and pervoskite-based ionic conductors (see Figure 1-4). Amongst the different apatite systems explored, the conductivity was found to decrease with the decrease of the lanthanide size, with the maximum conductivity value being achieved by La-containing apatites121,122. Further doping strategies involve the incorporation of alkaline earth cations in La8+xA2-x(Si/GeO4)6O2+x/2 ( . .  A = Sr59,107, Ca or Ba) 59,107. As an example, the composition of La9.75Sr0.25(SiO4)6O2.875 shows an increase in conductivity of approximately an order of 
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magnitude from 5.6 ⨯ 10-3 S·cm-1 in La10(SiO4)6O3 to 3.2 ⨯ 10-2 S·cm-1 at 700 °C59. Additionally, eradicating the presence of cation defects hinders the diffusion of cations which could ultimately lead to chemical creep and decomposition, to be avoided in SOFC’s electrolytes123.  Other doping strategies involve the substitution on the M site by cations with lower valences: Al, Ga, Fe, Mg . 98,99, 124-127.  The interstitial oxide ions introduced by doping have been reported to be adjacent to the MO4 tetrahedra within the periphery of the larger channels in both Si128,129 and Ge130,131 apatites. Although the reported oxide ion migration mechanisms are different in Si and Ge apatites, in both structures the migration of oxygen occurs predominantly along the -direction and involve significant local structural distortions allowed by the presence of large channels and isolated tetrahedra, as  determined by 17O-NMR, Raman, diffraction and computational studies108,128,129,131-133.  
Although having a higher conductivity than their Si-homologues at > 550 ℃ (due to the higher activation energies, see Figure 1-4), Ge-apatites are believe to be less suitable for practical applications as electrolytes in SOFCs due to the high volatilization and cost of GeO2, and their tendency to glass formation134. Several studies related to the chemical compatibility with other cell components125,135,136 and stability at the cell’s operating conditions137 were carried out in the preferred Si-system with promising results. The major drawbacks are attributed to the volatilization of SiO from the surface layers under reducing 
conditions at  > 800 ℃.124 
1.4.2.2 2D network: Melilites 
Another structure in which the interstitial accommodation has shown remarkable conductivity values at a lower (intermediate) temperature range is the melilite. It is worth 
noting that the activation energy in melilites,  ~0.4  eV 61 is significantly lower than the typical range of 0.6 −  0.8  eV exhibited by most oxide ion conductors.  Figure 1-10 introduces the layered structure adopted by doped La1+xA1-xGa3O7+x/2 for A = Ca62 or Sr61. The constituents corner-sharing tetrahedra configured an infinite 2D-network Ga3O7 alternating with (La/A)2 layers along the -axis  
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 Figure 1-10 La1.54Sr0.46Ga3O7.27 melilite structure viewed along the  ( ) and -axes ( ) depicted with the same colour code used for langasite throughout the main text of this thesis to allow a direct comparison between the two layered structures: cyan for the large A cations, violet and yellow for the 4-connected and 3-connected tetrahedra respectively and grey for the 5-coordinated site binding the interstitial oxide.  A cations which are displaced from their original position due to the presence of interstitial oxide ions are coloured in a darker shade of blue.  Different shades of red are used to distinguish the oxygen sites:   O1 is red, (O1)int is mahogany, O2 is orange, O3 is magenta, (O3)int is pale pink and O4 is maroon which are further discussed in page 117. The black solid lines delimit a ⨯ ⨯  supercell.  Upon doping, melilites incorporate extra oxygen within the tetrahedral layer between the La/A cations lying in the pentagonal channels. The interstitial anion is found to bind Ga2  containing one apical oxygen (see Figure 1-10). In ref. 61 , it was suggested that the oxide-ion conduction occurs through a cooperative-type mechanism involving a concerted knock-on motion of interstitial and lattice oxygen. Facile rotation of GaO5 units facilitates the migration of oxygen interstitial to adjacent pentagonal rings138, with the conduction of oxygen occurring predominantly within the layers along the -  plane139-141.   Further doping strategies carried out in these systems involve the substitution of La for other lanthanides ( . . Pr, Nd, Sm, Eu, Ga, Dy, Yb and Y) where a decrease in conductivity was observed with the smaller Ln size142,143. The role of the contraction on the A-cationic size with the conductivity was further evidenced in La1-xCexSrGa3O7+δ (0 1), where the oxidation of Ce3+ to the smaller Ce4+ localizes and constrains the mobility of the interstitials decreasing the conductivity144. It is worth pointing out the intrinsic flexibility of the melilite structure to accommodate both interstitial and oxide vacancies. Sr1.6Na0.4MgSi2O6.8 with 2.86 % of oxygen vacancies shows an acceptable conductivity of 6 ⨯10  ·  at 700 °C (~4 orders of magnitude higher than oxygen-stoichiometric Sr2MgSi2O7) 145.  Reactivity tests were performed between melilites and promising IT-SOFCs cathode materials: La2NiO4+δ, La0.80Sr0.20MnO3−δ, and La0.8Sr0.2Fe0.8Cu0.2O3−δ. This study showed that while significant reactivity was observed with La2NiO4+δ, and La0.80Sr0.20MnO3−δ, no significant amount of secondary phases were formed with La0.8Sr0.2Fe0.8Cu0.2O3− δ  up to 1300 °C. This is an encouraging result for the future application of melilites in IT-SOFC 146.    Unlike isolated tetrahedra, crystal structures based on extended interconnected polyhedra such as melilites are very common in nature, and the fast oxide ion migration shown by La1+xSr1+xGa3O7+x/2  opens up the possibility of targeting a wide range of materials for doping.  
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1.5 Synthesis by intelligent targeting 
The conductivities exhibited in the intermediate temperature range by these latterly explored oxide ion conductor families is competitive with, and in some cases even higher than those of the most commonly used electrolyte materials (see Figure 1-4). These results motivate further research in order to expand the understanding of the structural requirements that allow for a fast oxide-ion migration. This section concentrates on identifying the key structural features which enable the accommodation of extra oxygen in apatites and melilites. The gaining of expert chemical insight is then followed by the identification of new target structures and their synthesis.  - One crucial feature is the presence of channels containing large cations ( . . La, Sr) with variable coordination number, as the interstitial oxide ions introduced by doping are located within the vicinity of these channels.  - The presence of large cations provides the isolated/layers of MO4 with a large separation. This separation equals to ~5.3 Å melilites and is even larger ~7.2 Å in apatites.  - The presence of tetrahedra containing non-bridging oxygen seems to facilitate the interstitial accommodation ( . . in melilites tetrahedra containing a non-oxygen are able to bind the interstitials and sustain their mobility). 
1.5.1 Langasite structure 
We identified in langasites the key crystal features allowing the accommodation of interstitial oxygens in apatites and melilites introduced in 1.5. In the past, langasites have attracted attention due to their piezoelectric, non-linear optical147,148, magnetic149, multiferroic150, ferroelectric and dielectric properties; allowing for several substitutions to modify their electromechanical properties. More recently the protonic conductivity of the Sr-doped La3-xSrxGa5SiO14-x/2 has been reported by Svendsen  . in ref. 151. The work presented in this thesis focuses on the oxide ion conductivity of the aliovalently doped La3Ga5-xGe1+xO14+x/2 and constitutes the first oxide ionic conductivity studies undertaken in this family of materials.  There are four types of cation sites in langasites (see Figure 1-11) which crystallize in a trigonal unit cell (space group 321) with the formula A3BC3D2O14. A and B notations represent a decahedral (twisted Thomson cube) site, and an octahedral site.  C and D represent 4 and 3-connected tetrahedral sites respectively, with the size of D being smaller than that of C. In langasites, large A cations are found to lie within the 6-membered channels running parallel to the -axis. Analogously to melilites (see Figure 1-10), the 2D-network of tetrahedra intercalates with layers of large A cations. Although in contrast to melilites, the B octahedra interconnect the C tetrahedra on the top and bottom layers providing langasite’s framework with a 3D connectivity. The large A site provides a ~5.1 Å separation between the layer of tetrahedra in La3Ga5GeO14 matching the dA-A ~5.3 Å separation in LaSrGa3O7, which allows for the accommodation of the interstitial oxide ion.  
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 Figure 1-11 View of the NPD refined La3Ga5GeO14 structure (see page 87) along ( )[100] and ( ) [001] directions with the space group  (No. 150). The distinct A3BC3D2O14 sites have been plotted in different colours: blue is used for the A site where La lies and green for the octahedral B site. The 4-connected tetrahedral C site is plotted in violet and the 3-connected tetrahedral D site in yellow. The connectivity between the C and D sites tilted 15° along the [100] direction for perspective is shown 
in ( ). The three oxygen crystallographic sites are plotted in shades of red: orange for the apical oxygen O1, magenta for O2 interconnecting the two tetrahedral sites C and D and red for O3 bridging C and B.  Lattice deformation in langasites could arise due to the presence of 3-connected tetrahedra (plotted in yellow in Figure 1-11), since it is the non-saturated tetrahedra in melilites which are able to bond the interstitial oxygen as determined by powder neutron diffraction (NPD) techniques61.   Langasite’s mixed framework allows the accommodation of a large number of cations with different valences, ranging from A(I) to A(III), B(II) to B(VI) and T(II) to T(IV) for both tetrahedral sites C and D. A table with all the compositions found in the literature with a langasite structure is given in Appendix 1. Moreover, some members of the langasite family of materials have been reported to show displacive transformations from the trigonal 321 structure to produce an ordered structure (in space group 2) by the loss of the threefold rotation axis, as reported for La3SbZn3Ge2O14152 whose structure is shown in Figure 1-12-  . A considerable displacement of the oxygen atoms of up to 1 Å was observed in the 2 polymorph whereas the cation sites were locked in place and La changed its coordination number from 8 to 7. An analogous reversible 321 ← 2  transition occurring under a pressure of ~12 GPa was also observed in La3Nb0.5Ga5.5O14 and La3Ta0.5Ga5.5O14153. Moreover, langasites can be considered as members of a wider M5-pT4+pO14 structural family154 in which the different trigonal 321  and monoclinic 2/  structure types are related  a reconstructive transformation involving the replacement of a the tetrahedral C site in 321 by an octahedron in 2/ . The monoclinic 2/  type of Pb3CuGe5O14 is shown in Figure 1-12. The projection along the -axis (Figure 1-12 ) reveals the presence of strongly folded vierer chains of tetrahedra occupied by germanium which also occupies the octahedra.  Cu occupies the former tetrahedral C site and forms an elongated Jahn-Teller octahedron coloured in a darker shade of green. Such polymorphic transitions and ability to host a large variety of cations allude to a certain degree of flexibility of the langasite structure, making the langasite a very enticing target for doping.  
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 Figure 1-12 ( ) La3SbZnGe2O14 projected along  (left) and -axes (right). ( ) Pb3CuGe5O14 projected along the  (left) and -axes (right). Large La and Pb cations are denoted by cyan spheres, 3 and 4-connected tetrahedral sites are depicted in yellow and violet respectively and octahedral sites in green. In ( ) the oxygen sites that move 1 Å away from its original position in langasites are coloured in mahogany. In ( ) the former C site, now coordinated to six oxygen atoms is occupied by copper and this octahedron is coloured in a darker shade of green to differentiate it with the other octahedral site in the structure.  
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2 EXPERIMENTAL TECHNIQUES 
The experimental chapter aims to provide detailed information on the distinct methods followed by the author for the preparation of new ceramic materials as well as those techniques utilized for their compositional, structural characterization and performance for their potential use as electrolytes for solid oxide fuel cells. Subsections within this chapter are arrayed by an overview of the given technique, data analysis and instrumentation.  2.1 Material synthesis and preparation 
2.1.1 The traditional solid-state reaction method 
The traditional solid-state reaction method consists of mixing stoichiometric amounts of the starting reagents and grinding in an agate mortar until a well-mixed fine powder is obtained.  Afterwards, the samples are annealed in alumina crucibles at high temperatures (typically greater than 900 °C in oxides) in suitable furnaces155. Alternatively, stabilized zirconia crucibles and protective platinum foil can be used when samples show evidence of reaction with the alumina crucible.  This widely used synthetic route for solid polycrystalline materials is based on the migration of mobile ions across an interface generated by the contact in between reactants undergoing a heating treatment. In the thermally activated reaction mixture the lattice energy of reactants is overcome and bonds are broken and formed leading to the formation of a product layer which will in turn separate the reactants. The continuous diffusion of ions would ultimately lead to the formation of a final product156.   Numerous process can be carried out to improve the reaction rates ( . . achieve a more efficient cation diffusion). Such as the uniaxial pressing of powders into pellets prior to the annealing at elevated temperatures, which decreases the inter-particle void space to a great extent increasing the reaction points between particles. A higher surface area available for reaction ( . . smaller reactant particle size) will also increase the reaction rate. During the synthetic work carried out in this thesis, mechanical milling was used for this purpose; stoichiometric mixtures of the starting materials are placed in zirconia containers with zirconia balls and alcohol which will act as dispersing agent (either ethanol or propan-2-ol were used). The introduction of a liquid media into the milling process constitutes a crucial step to achieve the smallest particle size attainable by this 
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process. Otherwise, once the milled particles reach a size of approximately 20 μm, surfaces forces will start to interact causing the powder particulates to stick together157.  The amount of powder milled was typically a third of the volume of solvent. The reactants were milled in air in a Planetary Micro Mill Pulverisette 7 classic line by using a rotating disc speed of 350 rpm with reversed rotation every 15 minutes over 45 cycles. Figure 2-1 shows the particle size before (  and ) and after (  and ) undergoing the planetary ball milling under these conditions.  When several annealing cycles at high temperatures were required to obtain phase purity either manual or mechanical re-grinding was performed in between heating cycles. As the solid-state reaction progresses, the product layer at the interface thickens, decreasing the reaction rate (  . . making it more difficult for the remaining particles to react). Intermediate re-grinding will therefore increase the number of contact points speeding up the reaction.   
 Figure 2-1 SEM images of the particle size obtained after manually grinding a La3Ga4Ge2O14.5  60 % dense pellet (  and ) and the same powders after mechanical milling (  and ).  In systems containing Ge/Ga volatilization was prevented by the use of the volatile reactant in excess or the covering of a pellet with sacrificial powder. Surrounding a pressed pellet with sacrificial powder of the same composition reduces the loss of the more volatile component. To further ensure the attainment of highly accurate elemental ratios in the final product the surfaces of the sintered pellet were ground with sand paper to avoid concentration gradients throughout the thickness of the pellet.  An adequate selection and processing of the starting materials is key in order to achieve the desired stoichiometry in the final product of the reaction. Therefore, hygroscopic reactants such as rare earth oxides were stored at 950 °C prior to weighing so as to prevent the hydroxide formation when exposed to air moisture at room temperature. Furthermore, to avoid the use of moisture sensitive alkaline oxides, carbonates were used instead. Reaction mixtures containing carbonates were fired for 5-6 hours at 900 °C as loose powders in order to enable decomposition and removal of carbonates from the precursor mixture.  
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2.1.2 The Pechini method 
This solution-based synthetic method for the preparation of ceramics at low temperature receives its name after Pechini P. Maggio, who in 1967, patented a novel method for the synthesis of barium titanate  an intermediate resin solution.158 The Pechini method commences with an aqueous solution of the cations of interest. The metal cations are then chelated by an organic complexing agent solution, such as citric acid (CA, C6H8O7·2H2O).   After the chelation of cations in solution with the carboxylic acid, a polyhydroxy alcohol such as ethylene glycol (EG, C2H4(OH)2) is added to the activated mixture which is heated up to 100-130 °C to promote the polyester formation reaction. During this stage of polyesterification reaction also known as gelation, the viscosity of the solution increases drastically as a consequence of the polymer chain augmentation and the evaporation of the solvent, ultimately resulting in the formation of a gel. The continuous growth of the polymer is supported by the presence of at least two functional groups (-OH and -COOH) in these monomers which impinge on one another linking and forming a continuous network.159,160   When all the solvent has been evaporated and the polymerization process is completed the cations are trapped in a relatively rigid polymer network preserving the initial homogeneity of the solution. It is this mixing of reagents on an atomic level which brings the possibility of increasing the reaction rate and decreasing the final synthetic temperature. The obtained resin is thermally decomposed at 600 °C in order to remove all the organic matter from the mixture of reactants prior to the final sintering step. The strong foaming of the reaction mixture at this intermediate calcination step prevents the segregation of phases.  After the organic precursors have been oxidized, one is left with a highly homogeneous mixture of an intermediate phase compound with the proper stoichiometry of the metal ions with very fine grains (typically 20 to 50 nm161). The obtained product is then calcined at the synthetic temperature for synthesis completion. A comparison between the two synthetic methods: Solid state reaction method and Pechini is given in the next page in Table 2-1162.  
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2.2 Dense pellet preparation 
Average density and uniformity of the microstructure can have a crucial impact on the ultimate physical properties of a given material under study. Moreover, the preparation of pellets with a high density, desirably greater than 90 % of the crystallographic density, is a pre-requisite for the electrochemical performance evaluation of the new materials synthesized for the duration of the work presented here. The average density of ceramics accounts for their degree of compaction which can be calculated as the fraction of theoretical density,   ф = 1 −  P Equation 2-1  Where the term ф accounts for the volume fraction of the solid and P is the void fraction. The pore volume within the sintered samples was accurately determined by the Archimedean method which consists of submerging a sintered pellet in a liquid of known density such as distilled water. When doing so, the pellet will undergo an apparent loss of weight which is equal to the weight of the displaced water and its volume can be precisely calculated as:  
=  −  Equation 2-2  where  is the calculated density,  is the mass of the dry specimen,  is the apparent mass of the immersed specimen, is the mass of soaked specimen and  is the density of the liquid.  The more traditional method for densification based on the sintering of ceramics by prolonged heating at a temperature close to the melting point was carried out when the nature of the material will allow this simple approach. Under other conditions, more newly developed sintering techniques such as spark plasma or hot isostatic sintering were undertaken as discussed below.   
2.2.1 Conventional Sintering 
Sintering is the process in which powdered form samples are heated close to their melting point, entailing a great increase in the density of the material.  In order for this process to be favourable, a decrease in the total energy of the system ∆  must occur162. During sintering,  the high energy surfaces at the solid-air interface of the powder particles are replaced  by the low energy grain boundary solid-solid interface in the densified material resulting in a lessening  of the free energy associated to the surfaces of the grains that can be then expressed as,   ∆  =  (    −    ) Equation 2-3  
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where  is the specific surface energy. The driving force ( ) for the closure of an isolated spherical pore during the sintering process and can be expressed in terms of the pressure , the aforementioned   and the radius of the curvature of the pore as:   
∝ =  2  
Equation 2-4  The solid-state sintering process described here is categorized in three different stages: initial, middle and final stages. During the sintering process the different pathways for the transport of material can occur either at the surface of a grain adjacent to a pore, grain boundary (interface between two grains) or lattice (bulk of the grain). Due to the fact that these diffusion processes are thermally activated each mechanism will be dominant in different stages of the process depending on their activation energies, .   Initial stage  At the initial stage, the solid powders constitute an assembly of grains with very high porosity. As the temperature increases, the surface of the grains becomes smooth and diffusion of the material takes place in order to fill the pores resulting in the formation of necks (points of contact) between the grains. In this process, the gas trapped in the pores gives rise to an internal pressure that opposes the driving force for the shrinkage. It could be easily deduced from Equation 2-4, that the driving force for the removal of small pores is greater than that for larger pores. Larger pores remain towards the end of the diffusion process whereas the small porosity is decreased by up to12 %.   Middle stage  Grain boundary diffusion, with a higher , dominates over surface diffusion at higher temperatures. Diffusion on the grain boundaries brings the centres of the grains together resulting in the densification of the ceramic body. Surface and grain boundary mechanism of diffusion substantially decrease the porosity of the ceramic body, achieving a final density greater than 90 % at the end of the intermediate stage of sintering.   Final stage  In the final stage of sintering, a further increase of the temperature will once again change the dominant mechanism for sintering from grain boundary to lattice diffusion. This stage is characterized by the dwindling of the remaining isolated pores and grain growth, achieving full densification.   For most conventional ceramics, the increase in density and grain size is proportional to the sintering time. However, when volatile elements are present adverse effects such as compositional changes and the formation of secondary phases must be considered. To counter adverse volatilization related problems during sintering a double crucible set up was used, where the outermost crucible contains sacrificial powder with identical composition.   One alternative approach aimed at shortening the heating time at high temperatures is the so called reactive sintering. In this method, the ceramic body is composed of the unreacted precursors that will undergo a solid-state reaction forming the desired new phase during sintering. The reaction occurring between the grains causes an additional stress in the green body increasing the density of the final product. Sometimes, a part of the ceramic material 
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melts and provides a liquid phase during sintering. This liquid phase constitutes a medium for faster flow of material to fill the pores.  Other methods carried out to enhance densification during sintering are the cold isostatic pressing of the sample prior to sintering and the use of binders introduced in 2.2.1.1 and 2.2.1.2.  
2.2.1.1 Cold Isostatic Pressing (CIP) 
Cold isostatic pressing is a powerful tool for powder compaction that uses a hydraulic fluid to apply a hydrostatic pressure achieving a greater degree of compaction of the green body. Thus, CIP represents an advantage from the previously mentioned uniaxial pressing in 2.1.1. A greater compaction translates into a higher contact area and which allows the theoretical density to be approached in a faster manner163.    In the work presented here, a CIP with 200 MPa pressure was used. Samples are typically milled beforehand, so as to achieve a small starting particle size, pelletized and then sealed in waterproof bags and lowered into a hydraulic fluid.  
2.2.1.2 Binders 
Binders can play a crucial role in the final bulk density and strength of the sintered bodies. Thermoplastic compounds are the most widely used binders, including two of the most common commercial polymer binders of vinyl nature used in this work: polyvinyl butyral (BUTVAR) and polyvinyl alcohol  PVA (see Figure 2-2). The C-C linkage and –OH groups in their molecular structure provide them with great adhesion properties. These binders have a strong affinity to adsorption on oxide particles dispersed on water (on the PVA case) or ethanol (when using BUTVAR)164,165.  
 Figure 2-2 Idealized chemical structure of polyvinyl butyral and polyvinyl alcohol.  The thermal debinding of such thermoplastic materials accounts for a controlled removal of the binder upon heating, prior to the final sintering which ultimately produces a dense ceramic. The debinding treatment is essential to avoid undesired uncontrolled binder decomposition. Big volumes of gas at high pressures could result in the cracking of the ceramic.166 First, the liquid must be removed by evaporation at ~150-200 °C in stage 1 and then the binder must be removed by thermal decomposition at temperatures between ~300-700 °C in stage 2163.  (1) Stage 1: Drying (120-200 °C)  
Polyvinyl Butyral(BUTVAR) Polyvinyl Alcohol(PVA)
A study of novel electrolyte materials with interstitial oxides as mobile species Maria Diaz Lopez - February 2016  
26 Experimental Techniques 
Initially the powders are mixed with a binder consisting of a solution of the polymeric agent (typically 15 wt% binder). The solvent is then removed by drying the mixture at ~120-200 °C, which leads to a rearrangement of the particles to achieve a denser packing167 ( . . the polymer gives a compressive stress holding the particles together).   (2) Stage 2: Binder burnout (300-700 °C)   During the binder burnout, the polymer undergoes several decompositions at temperatures covering a range of 200-450 °C, depending on the polymer’s molecular weight. High-molecular-weight polymers will degrade along many possible pathways into low-molecular-weight segments which can remain in the ceramic up to temperatures higher than 600 °C. The binder burnout temperature for PVA and BUTVAR used in this work was found to be ~450 °C164. The flow of these volatile residues leads to stress due to changes in the temperature and pressure profiles and enhances the final density of the ceramic.   
2.2.2 Hot Isostatic Pressing 
Hot isostatic pressing (HIP-ing) involves the simultaneous application of a high pressure with an inert gas (therefore isostatic) and elevated temperature. The combination of pressure and temperature can achieve a particular density at a lower temperature than the required for sintering alone, typically greater than 0.7 168,169.   In a hot isostatic press configuration (see Figure 2-3) there are no dies as the pressure arises from atoms of gas colliding with the can where the powder material is embedded. As densification occurs, the powder shrinks and the external can shrinks with it to the same extent in all directions. The motion of the gas atoms at high velocities of ~900 m·s-1 can generate an applied pressure to a system as high as 300 MPa.   When pressure is applied in addition to heat, the densification mechanisms are modified from those in 2.2.1. The HIP densification mechanism introduces a new term into Equation 2-4 to account for the applied pressure ‘ ’170.  
 
=  2 +   
Equation 2-5  In HIP the applied external pressure completely swamps the surface-energy force for pore closure for a pore of greater than 40 nm of diameter (for = 1 ·  and an external pressure of 100 MPa) causing any gas in a pore to dissolve in the matrix. Moreover, the gas diffuses to the surface rather than to other pores. Only when a pore is reduced to a diameter of 40 nm (for the given conditions of = 1 ·  and = 100  ) the driving force 
due to surface energy (2 / ) becomes comparable to that due to the externally applied pressure ( ). Thus, relatively high temperatures (≥ 0.7 ) are required to raise the 
diffusivities in the material sufficiently for pore closure.   It should be noted that prior to the pressurization treatment it is desirable to avoid any trapped gas. This is overcome by the application of vacuum to the encapsulated powders. The HIP experiments presented in this thesis were carried out by Michael Gaultois at the University of Santa Barbara (CA, USA).   
A study of novel electrolyte materials with interstitial oxides as mobile species  Maria Diaz Lopez- February 2016  
Experimental Techniques   27 
 Figure 2-3 Schematic view of a Hot Isostatic Pressing (HIP) chamber. 
2.2.3 Spark Plasma Sintering 
Spark plasma sintering is a fast sintering method which allows for the densification of materials at intermediate temperatures (800-1200 °C – a few hundred degrees lower than in conventional sintering processes, ~0.7 )169. Full densification can be achieved in just a few minutes including heating and cooling times. Such a short sintering time is achieved by the simultaneous application of a uniaxial pressure and a direct current. These features make SPS sintering a valuable technique for the compaction of powdered samples with thermal instability171, composites172,173 and nano-sized powders without significant grain growth174-176, materials synthesis177 and batteries assembly178,179 just to name a few of the many applications that SPS finds in the development of advanced functional materials180.    
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In Figure 2-4, showing a schematic representation of the SPS chamber, the powdered sample lies within the two plungers of a graphite die. A pulsed DC current is applied to the electrically conductive graphite die acting as a heating element at the same time as it is exerting a uniaxial pressure to the sample of up to 100 MPa. SPS processes allow for very fast heating rates as high as 1000 ° min-1 180. The temperature is measured with a 
thermocouple inserted into the die for temperatures below 700 °C. When ≥ 700 ° , the temperature is recorded by an optical pyrometer focused on the surface of the die.   In SPS, the heating of the materials occurs due to both processes: the contact with the graphite die and the self-heating of the sample accomplished by the application of a pulsed DC current. As a consequence of the applied DC current there is an increased plasticity at the grain boundaries by Joule’s effect. The electric field promotes the motion of charged species that in turn give rise to grain sliding and compaction with the aid of an applied pressure. The use of a pulsed (on-off) DC current as opposed to a static electric field is essential in order to avoid a permanent charge separation in the glassy phase. The pulsed current allows for a discharge of the accumulated charges at particles boundaries. Although the generation of a plasma is controversial and questioned by numerous authors181, it is generally accepted that the pulsed current does influence the reaction patterns of the cooperative mechanisms involved in sintering and promotes the plastic deformation at the particles surface182. An evidence for this is that while it is true that SPS is a more effective sintering method for those electrically conductive materials where a higher local heat generation is possible, SPS has also proved success in the sintering of insulating ceramics such as Al2O3183.    Densification in SPS occurs  a localized rise in temperature at a contact point between particles. The processes involved in sintering are localized at the particles surface, which allows full densification without inter-particle reaction and grain growth.   In this work a Sumitomo Coal SPS-1050 SPS apparatus was used. This system is able to exert a maximum load of 100 kN and produce a pulsed current as high as 5 kA for an applied voltage of 10 V. Rapid pulses of 3 ms in length were used with a pattern of 12:2 on and off pulses. Experiments were carried out under vacuum conditions and 2.5-6 g of fine powders were pressed in a 20 mm Outside Diameter (OD) and 40 mm tall graphite die. The SPS apparatus was operated by me with the training provided by Dr Amit Rana at the Mercury Centre (Sheffield, UK).  The theoretical maximum pressure applicable in SPS is limited by the compressive strength of the die. Most commonly used dies in SPS sintering are made of graphite with a compressive strength of up to 150 MPa169. Experimentally, the maximum loading pressure admitted in a SPS set up using a high-density graphite die is 80-140 MPa184.   
2.2.3.1 Spark plasma sintering with a WC die 
A double acting die described in ref. 185 allowed us to apply higher pressures - up to 1 GPa on a ∅  = 5 mm sample.  This device is composed of an external graphite die, inside of which there are two protective discs of WC connecting it to an internal smaller 12 mm tall die. The body of the smaller die is made of graphite and the plungers are made of SiC. By means of this double-acting die the full densification (>98 %) was achieved in YSZ and SDC at only 850 and 750 °C respectively185.  The experiments at a higher pressure were carried out by Dr Jinfeng Zhao at University of California, Davis (USA) also in a Sumitomo Coal SPS-1050 SPS apparatus using the same pulse pattern specified in 2.2.3.   
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2.3 Materials Characterisation 
2.3.1 Structural Analysis:  Powder Diffraction  
Powder diffraction is a powerful tool for the analysis of crystalline materials. It is a non˗destructive technique used for multiple purposes such as phase identification, quantitative analysis of multi-component samples and the determination of grain size, strain and preferred orientations. Moreover, in certain instances powder diffraction allows for full characterization of crystal structures similarly to the one obtained by a single crystal experiment with the added benefit that powder diffraction can be extended to a wider spectrum of samples including those which are difficult or impossible to obtain as single crystals.  Diffraction occurs when a crystal is oriented towards an incoming beam of electromagnetic waves of suitable wavelengths such that the waves interfere constructively between ordered layers of atoms. The elastically scattered radiation can be mathematically defined by Bragg’s law.  
= 2   Equation 2-6 Bragg’s law  where  is an integer number,  is the wavelength of the incident electromagnetic wave,  is the spacing between parallel planes of atoms denoted by the ℎ  indices and  is the Bragg angle.  
 Figure 2-5 Schematic representation of Bragg's law.  Figure 2-5 depicts Bragg’s law for two contiguous rows of atoms where the incident radiation with wavelength  is ‘reflected’ in phase interfering constructively. Bragg’s law states that constructive interferences from successive planes will occur when the path 
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In order for diffraction to occur it is necessary to irradiate the sample with X-rays, thermalized neutrons or electrons whose wavelength corresponds to the same order of or smaller than the interatomic distances (typically ~1 Å). Figure 2-6 depicts the penetration of beams of neutrons, X-rays and electrons in matter. Neutrons and electrons have a wavelength defined by the Broglie relationship and can therefore be diffracted. As depicted in Figure 2-6 electrons and X-rays beam interact with the electrons in the materials and do not penetrate deeply in the sample, as opposed to the uncharged neutrons. The interaction between neutrons and matter can take place in the nuclei and through magnetic dipole-dipole interactions.  
 Figure 2-6 Schematic view of the different Scattering interactions mechanisms of electrons, X-rays and neutrons.  In this thesis, combined X-ray and neutron diffraction techniques were used for the characterization of the materials studied. A more detailed description of these techniques is given in the following subsections.   
2.3.1.1 Powder X-ray Diffraction  
A diffraction pattern (Fourier transform of the crystal structure) consists of a set of discrete reflections each of which is a wave defined by an amplitude and a relative phase. The sum of vectors is known as the structure factor ‘ (ℎ )’.  
(ℎ ) =  ( )′ [  ( )] 
Equation 2-7  ( )′ is the scattering factor a of the ℎ atom in the unit cell with coordinates ℎ  ,  and 
.  The integers ℎ,  and  are the Miller indices and  is the number of atoms in the unit 
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In order to account for time averaged temperature dependent movement of atoms about their mean equilibrium, the scattering factor, ( )′  in Equation 2-7 is expressed as a function the thermal vibrations parameters which are denoted by either ‘ ’ or ‘ ’ with units of Å2.   
( ) = ( ) exp − = ( ) exp − 8  
Equation 2-8  Where ( ) is the scattering factor for a stationary atom and ′( ) refers to the vibrating 
atom. The exponential term in Equation 2-8 −   could also be defined anisotropically 
as an ellipsoid and becomes:  −2 ( ℎ ∗ + ∗ + ∗ +  ℎ ∗ ∗ + ℎ ∗ ∗ +  ∗ ∗ )  Equation 2-9  
 parameters are known as Anisotropic Displacement Parameters or ADPs. The strong correlation of these parameters with the temperature allows for the discrimination of dynamic and static disorder, since the more temperature dependant dynamic disorder will be significantly reduced at lower temperatures.   The value of ( ) is maximised at θ = 0° since forward scattered X-ray amplitudes always result in constructive interference. At larger angles ( )  falls off smoothly and monotonically to zero. This fact explains the general appearances of X-ray diffraction patterns where the intensity values decay with increasing 2θ. The value of maximum ( ) is proportional to the atomic number of the atom ( ) corrected for valence charge. For this reason, the scattering power of light atoms such as oxygen ( =8) is weaker than that of heavy atoms such as tungsten (  = 74).  
From diffraction experiments only the amplitudes │ (ℎ )│of the reflections are obtained and not their phases, known as the ‘ ℎ  ’ which can be overcome by analytical methods186. The recorded intensity is defined by the square of the amplitude of the scattering factor with additional corrections: the Lorentz polarisation correction ( ), absorption corrections ( ) and the scale factor ( )187:  =  | (ℎ )|    Equation 2-10  The intensities of the peaks in a diffraction pattern contain information about atomic coordinates and displacement parameters, just as in a single-crystal diffraction experiment. This makes possible the extraction of structural information by refinement methods such as the Rietveld method briefly discussed in 2.3.1.3.1.3.  
2.3.1.1.1 Laboratory X-ray Diffraction (XRD) sources 
In this work, two diffractometers were used:   - a Panalytical X'Pert Pro diffractometer with a Co source using a monochromator selecting Kα1 radiation of λ = 1.7890 Å in a Bragg Brentano (reflection) geometry operated at 40 kV and 40 mA.   
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- a Bruker D8 Advance diffractometer equipped with a monochromatic Cu Kα1 (λ = 1.5406 Å) source, which can be operated in either Debye-Scherrer (transmission) or Bragg-Brentano geometries (see Figure 2-7).   Since the elements present in the materials analysed in this work do not significantly fluoresce in the  X-rays produced by either Cu or Co targets, the two diffractometers above were both used for routine analysis.    
 Figure 2-7 Schematic representation of diffractometers in ( ) Debye-Scherrer and ( ) Bragg-Brentano geometries where a monochromator located before the sample stage separates  and . The goniometer used to position the sample at different orientations is represented by a dotted line and the movement of the rotation of the detector by 2θ is denoted by a double ended arrow.  In reflection geometry, powdered samples were prepared by careful grinding of the sample with acetone, which was afterwards pipetted into a zero background sample holder (Si wafer cut on an odd plane). After acetone evaporation, a smooth surface of fine sized material is obtained. A smooth surface is imperative in order to avoid artificially strong peaks at high 2θ values, and changes in the peak positions due to surface roughness or absorption effects (see Figure 2-8). The preparation of samples running in transmission geometry was carried out by sprinkling the finely ground powders on to a Scotch tape.  
 Figure 2-8 Schematic diagram showing the origin of surface roughness/porosity effect, where some diffracted beams are absorbed by the material188.  The data collection was varied depending on the purposes of the experiment. A typical quick data collection of 30 min at a 20-60° 2θ range was used for phase identification and analysis of the reaction progress. When required, higher-quality scans were recorded for several hours (4-12 h) for Rietveld refinement purposes at a wider 10-100° 2θ range.  
2.3.1.1.2 Synchrotron source 







(b) Bragg-Brentano geometry(a) Debye Scherrer geometry
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In synchtrotron radiation sources, the electrons generated in an electron gun are accelerated into dedicated machines in ultrahigh vacuum: first into a linear accelerator (Linac) that leads into a booster and finally into the large storage ring (see Figure 2-9). In the synchrotron at Diamond the storage rings consists of a ~560 m long 48-sided polygon189. Diamond uses a 'double bend’ magnet configuration in which two bending magnets are placed in each of 24 straight sections in order to guide the electrons. The energy 
of a moving electron is given by  =  / 1 − /  , hence in this 3 GeV190 storage ring, 
the electrons are travelling at a speed of 0.9999999855c.   Synchrotron radiation is emitted when charged particles travelling at relativistic speeds change velocity when following  a curved trajectory at a bending magnet (undulator or wiggler191). This emitted light is then funnelled into the experimental stations or beamlines.   
 Figure 2-9. Schematic ilustration of a synchrotron taken from ref. 189. The tangential fan of radiation emitted from a bending magnet is represented in red.   I11 is the beamline used for the Synchrotron X-ray Diffraction (SXRD) data collection in Chapter 5 (see page 146). I11 operates in a Debye-Scherrer geometry, the X-ray beam is monochromated by a liquid nitrogen cooled Si(111) double crystal over the 5-30 keV range. A multianalyzing Si crystal assembly (MAC) high resolution detector system was used. The MAC detector allows for the simultaneous capture of multiple diffraction patterns which are afterwards merged into a single array with a 0.001° step size 190,192.  In Chapter 3, SXRD data at ambient conditions was collected on La3Ga5SiO14 and La3Ga5TiO14 in BL01C2 powder diffraction end station at the NSRRC (Taiwan). BL01C2 is a Debye-Scherrer type diffractometer that uses X-ray energies within the range 8-35 keV delivered from a wavelength shift magnet. A 2D MAR345 imaging plate detector was used and the data was converted to 1D profile by GSAS-II software193.  
2.3.1.2 Neutron Powder diffraction  
Neutrons also have a wave-particle dual nature and it is this characteristic which is its use as a crystallographic probe. The wavelength, velocity and energy are related by de Broglie equation: 
=  ℎ =  22 =  
2
2 = 2  
Equation 2-11  
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where  is the wavelength in Å ,   is the energy of the neutron in meV, ℎ is the Planck’s constant,   is the neutron mass  (1.675 ⨯ 10-27 kg),  is Boltzmann’s constant and  is the temperature in K . Based on their wavelengths neutrons can be classified in three categories listed in Table 2-2. Thermal neutrons whose wavelength are of the same order of 
atomic radii (~1 − 2 Å) are most commonly used for diffraction studies.  Table 2-2 Classification of neutrons according to their energy, temperature and wavelength. 
 Energy (meV) Temperature (K) Wavelength (Å) 
Cold 0.1-10 1-120 30-4 
Thermal 5-100 60-1000 4-1 
Hot 100-500 1000-6000 1-0.04 
 Neutrons are non-charged particles with a magnetic moment ( 1/2) and can be scattered by the nuclear force as well as by unpaired electrons in magnetic atoms. Thermal neutrons diffract at point-like nucleus, since the dimensions over which the nuclear forces operate 
are at a range of 10   and neutron wavelengths are ~105 times larger. As a result the neutron scattering cross sections  is independent of the diffraction angle and the intensity of the peaks in the diffraction patterns does not decay with increasing 2θ values. The total neutron scattering cross section  is calculated from of  as:  
= 4  Equation 2-12   where  is the scattering length and is given in units of barn; 1 barn = 10-28 m2.  The scattering length is influenced by complex neutron-nucleus and spin state interactions, and it can be coherent or incoherent. Due to the difficulties to reliably describe  in terms of fundamental constants, these are determined experimentally for each isotope and tabulated194. Interestingly, unlike X-rays, neutrons do not interact with atoms in a way that is correlated with their atomic number. This is of great value to identify light atoms such as protons or oxygen atoms in the presence of heavy atoms as well as in isotopic-labelling techniques, but could have some drawbacks in the study of vanadium compounds or for a mixture of positive and negative scatterers on a crystallographic site.  Neutrons are generated at large neutron scattering-facilities that can be classified in two types depending on the way in which neutrons are produced: reactor and spallation sources. The ISIS facilities used for data collection in this thesis are of the second type.   At ISIS, protons are produced by accelerators and stored in rings. The beams of accelerated protons are afterwards diverted into a water-cooled tungsten target causing the ‘spallation’ of neutrons and fragmentation of the tungsten nuclei into smaller atoms. The moderated neutrons are then directed to the different experimental beamlines.   
 Figure 2-10 Schematic array of a TOF diffractometer. An array of choppers generates a pulsed polychromatic beam that travels a flight path denoted by   to reach the 
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sample. The diffracted neutron beam then reaches the detector at a fixed position at .   Figure 2-10 depicts a powder diffractometer at a spallation source which is fed with a pulsed beam of neutrons. Neutron pulses of suitable energies are achieved by blocking unwanted neutrons with rotating disk devices called choppers. The applied method of determining the wavelength   of the scattered neutrons is to measure their time of flight ( ) over a known flight path, , from the source to the sample ( ) and later over the scattering path to detector  at a fixed 2θ position ( ).  
=  ( + ) 
Equation 2-13  Relating Equation 2-13 with the Broglie equation (see Equation 2-11), TOF can be related to the -spacing as follows,  
=  ( + ) 2ℎ  Equation 2-14  Besides the limited accessibility of neutrons exclusive to large facilities, available neutron beams have very low intensities ( ~10   ) compared to synchrotron sources ( ~10  ℎ  ). The low flux of neutrons coupled to their weak interaction with matter extend the duration of neutron diffraction experiments to several hours.  In the TOF arrangement the resolution ( ⁄ ) of a TOF-diffractomter is given by  
⁄ =  + ( ⁄ ) +  ( ⁄ )  Equation 2-15  Where the terms ,  and  account for uncertainties for the scattering angle, time of flight and path length respectively. It can be concluded from Equation 2-15 that the highest resolution is given at high θ (back-scattering), short pulse durations and long paths.  
2.3.1.2.1 High Resolution Powder Diffractometer, HRPD 
The uncertainty in the scattering angle  introduced in Equation 2-15 can be minimized by an increase in the length of the flight path from the sample to the detectors, . However, this measure has the counter-effect of reducing the solid angle (∆ ) reached at the detector: ∆ ≅ 2  where  and  are the length and width of the annuli respectively. Since the increase in  is compromised it is usually fixed to 1-2 m whereas ~10 m for most diffractometers. However, the High Resolution Powder Diffractometer (HRPD) has a very long path  of about 100 m which provides it with a /  ~5 × 10-4 at the backscattering and ~2 × 10-3 at the 90° bank, which measures peaks with -spacings up to ~3.2 Å. The 30° bank extends to larger -spacing albeit at lower resolution.  See Figure 2-11 for a schematic view of the detectors array. The detectors make use of methane that absorbs neutrons to produce detectable ionic radiation.  
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 Figure 2-11 Schematic plan view of the HRPD detector configuration taken from the HRPD user manual195. In the work carried out in this thesis sample stage 1 was used.   In the NPD experiments introduced in Chapter 4 and Chapter 5, large amounts of finely ground powders (4-6 g) were introduced in ∅ = 11 mm vanadium cans.   A major advantage of neutron diffraction is their ability to penetrate large sample environment chambers needed for variable temperature and pressure experiment. In this thesis variable temperature neutron diffraction studies (VT-NPD) were carried out from 9 up to 873 K.   The low temperatures were achieved with a close-cycled refrigerator (CCR) that works on the basis of a controlled cyclic compression and expansion of high pressure helium gas which allows for temperatures as low as 4 K. CCRs have the additional advantage, with respect to helium cryostat, to be mounted on the instrument’s vacuum system reducing parasitic background by cutting down the extra-shielding.  Standard furnaces able to operate up to 1000 °C were used for high temperature experiments. The sample is surrounded by a large vanadium heating element under high vacuum, which in turn is surrounded by heat shields made of vanadium to again, minimise the parasitic background.  
2.3.1.2.2 GEneral Materials diffractometer, GEM 
The General Materials Diffractometer (GEM) is a high intensity instrument designed to have extremely good detector coverage by employing multiple detectors over a wide 2θ range shown in Figure 2-12. These features make GEM of great use for the structural study of a wide range of materials196  
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 Figure 2-12 Schematic diagram of the GEM detector configuration taken from ref.196. The bank 5X not indicated in the figure is an extension of bank 5 situated adjacent to it.  The length of the incident flight path of GEM is ~17 m.  All the detectors in GEM are ZnS/6Li scintillator detectors with a total area of 7.270 m2. The absorption of a neutron in a detector results in a flash of light that is transmitted  fibre optic cables to photomultiplier tubes (PMTs). The parameters corresponding to the eight detector banks on GEM are given in Table 2-3197.  Table 2-3 Parameters of the GEM detector array197 
Bank 2θ(°) ( ) ( ) /  
1 5.32-12.67 2.4 0.056 4.7 ⨯ 10  
2 13.44-21.59 1.5 0.093 2.4 ⨯ 10  
3 24.67-45.61 1.1-1.9 0.478 1.7 ⨯ 10  
4 50.07-74.71 1.0-1.4 0.988 7.9 ⨯ 10  
5 79.17-106.60 1.4 1.135 5.1 ⨯ 10  
5X 106.2-114.19 1.4 0.378 5 ⨯ 10  
6 142.50-149.72 1.5-1.7 0.280 3.4 ⨯ 10  
7 149.98-171.40 1.0-1.4 0.443 3.5 ⨯ 10  
 The sample preparation for those materials measured in GEM was identical to that described previously in 2.3.1.2.1 for HRPD. The data was collected in banks 1-6, where bank 5 corresponded to the combination of banks 5 and 5X and bank 6 to 6 and 7 add up together.  
2.3.1.3 PXRD Data Analysis  
As a first approach for the analysis of newly synthesized phases and when tracking the reaction progress, experimental diffraction patterns were assigned to calculated patterns of known phases compiled in the International Centre for Diffraction Data (ICDD) Powder Diffraction File 2 (PDF2) database198. HighScore199 search/match software sequentially identifies and filters the possible phases present based on the peaks observed in the diffraction pattern and inputted compositional information. Alternatively, diffraction patterns were simulated in TOPAS200 from candidate structural models and compared to the experimental pattern.  
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2.3.1.3.1.1 Indexing 
The main goal of the indexing process is to determine the unit cell and space group from a list of observed peak positions. This is done by the assignment of the appropriate Miller indices to each peak observed in the diffraction pattern. When indexing a pure sample, the indexed unit cell should account for all the observed reflections.   In the work presented here, the powder-pattern indexing was performed in TOPAS200,201. This automated indexing process relies on a computer algorithm testing a large amount of unit cells against the observed peak list. The relationship between peak positions (d-spacing) and unit cell is given by the basic indexing equation  relating reciprocal cell parameters ( − ) and indices (ℎ − ):  
= 4 =  1 = ℎ + + + +  ℎ +  ℎ 
Equation 2-16  The software uses a trial and error auto-indexing algorithm and provides the user with many plausible cells. The various possibilities are ranked by their indexing figure of merit ‘ ’202. The goodness of the match between the calculated positions and the experimental values is calculated by the average difference of the experimental and matched  values ‘ ‘̅, where  (= 1/ )  up to the 20th observed peak.   
= 2 ̅ , ℎ  ̅ =  〈 −  〉 Equation 2-17  The term  refers to the number of calculated lines up to the 20th observed peak,  ̅denotes the goodness of the match between the calculated positions and the experimental values calculated by the averaged difference between the experimental ( ) and matched 
( )  values up to the 20th observed peak, where  (= 1/ ) . Due to the possible presence of unobserved peaks by systematic absences  values between 20 and 30 and normally a good indication of finding the correct space group.  
2.3.1.3.1.2 Pawley Fitting 
The Pawley method203 offers the possibility to refine the intensity values expected for every Bragg peak, without inputting any crystal structure information. This method provide superior zero shift value, background function, peak profile function and unit cell parameters with little effort and computational time.   The Pawley refined unit cell parameters and background can afterwards be inputted into a Rietveld refinement to use as a starting point. Moreover, the goodness-of-fit parameters obtained by Rietveld can be compared to the ones derived from a Pawley fitting (perfect model) in order to judge the goodness of the final model obtained by Rietveld.   
2.3.1.3.1.3 Rietveld Refinement 
In 1969, H.M. Rietveld204 proposed the idea to calculate the entire powder pattern using a variety of refinable parameters and to improve a selection of these parameters by minimizing the weighted sum of the squared differences between the calcualted ( , ) and observed models ( , ), ‘ ’:  
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=  ( , − , )  
Equation 2-18 Cost function  where the weight ‘ ’ is taken to be the inverse of the quadratic form of the variance  in the determination of ,  . 
=  1( , ) ≈  
1  
Equation 2-19   The weight can also be expressed as a function of the number of observed counts , since 
the standard deviation can be approximated by =  √  for large  values. In Equation 2-18, the model function ‘ , ’ is parameterized by both crystal structure and experiment:  - for a constant wavelength experiment  
, =  +  | (ℎ )|     (2 − 2 ) (2 ) 
Equation 2-20  - or for a TOF instrument:  
, =  +  | (ℎ )|     (2 − 2 ) ( ) 
Equation 2-21  Note that in Equation 2-20 and Equation 2-21 ‘ ’ accounts for the scale factor and should not be mistaken for  in Equation 2-18,   refers to background function which was fit 
with a Chebyshev polynomial function in the refinements presented in chapters 3-5. The terms (2 ) and ( ) refer to the angular and time acceptance of the detectors at a given 2  angle for CW or   in TOF experiments. Due to a combination of instrumental factors and sample broadening the intensity of the peaks do not appear at a given 2  or 2  location, but distributed around this value. This distribution is denoted by  (2 − 2 ) and  (2 − 2 ) in Equation 2-20 and Equation 2-21 respectively and it is known as the profile or peak shape function. In this thesis, a pseudo-Voigt function ( ( )) is refined to model the experimental peak profiles due to its good results205. This profile function is a combination of Gaussian ( ) and Lorentzian ( ) functions.  ( ) = (1 − ) ( ) +  ( ) Equation 2-22  Where the  shape or mixing parameters can range from = 0  (Gaussian) to = 1 (Lorentzian) and even > 1. The mixing parameter is in turn a function of three refinable parameters: ,  and  so that = + + / .206 For the refinement of TOF data from spallation neutron sources more complex pseudo-Voigt peak shape functions were used, which take into account the time dependence of the neutron intensity (pulse shape)207.  In the pseudo-Voigt function the Full Width at Half Maxima (FWHM) of the diffracted peaks increases smoothly with 2θ making this an isotropic function. However, in high resolution powder diffraction an increase in the peak width may occur in proportion to the diffraction order due to microstrain within the sample of study. In 1999 Stephens208 developed a model for multi-dimensional distribution of lattice metric in which each crystallite is treated as having its own multi-dimensional distribution. Each 
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reflection can then be expressed in terms of moments of this distribution. For a given set of planes with Miller indices ℎ , the interplanar ˗spacing can be expressed by Equation 2-16. In the Stephens model each grain is imagined to have its own set of −  parameters. Even though the average of the −  parameters has to obey the symmetry conditions imposed by the lattice which may require the mean of some of the parameters to be zero, there may be a distribution about zero that accounts for random strains of the sample.  This finally leads to a dependence of the strain broadening with the so-called ‘ ’ terms that account for the symmetry restrictions.   is related to the variance of  as:  
( ) =  ℎ  
Equation 2-23  where ,  and  signify the components of the strain tensor and are defined for  +   +  =  4.  A Rietveld refinement is usually carried out by turning on the variables to be refined in a stepwise manner. Attempts to refine all of the parameters at once as a first approach are unlikely to succeed209. Moreover, the Rietveld method (or any iterative method for that matter) demands a sufficiently good initial model to use as the starting point of the refinement. Thus, the starting values for the lattice parameters should be close to the true values in order to ensure sufficient overlap between the predicted and observed peaks. It should then be possible to ‘turn on’ the scale factors and background function, which is followed by refinement of atomic positions, displacement parameters, site occupancies, preferred orientations (if needed) and so on.  An examination of the graphic output of the refinement at the intermediate stages is necessary in order to track the progress of the refinement. The identification of mismatches between the calculated and observed patterns by visual inspection are an indication of what parameters should be further refined/corrected in the subsequent stages. Table 2-4 lists the factors influencing distinct features of the calculated Rietveld function.   
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Table 2-4 Factors contributing to distinct features of the calculated Rietveld function187,188,209. 
Feature Contribution from Sample: Experiment: 
Background 
Amorphous material Compton Scattering Local structure Lattice dynamics Fluorescence 
Sample holder Detector noise 
Profile Shape Micro-strain Crystallite size 
Monochromation Axial divergence In plane divergence Slit width 
Peak Intensity 
Atomic positions Temperature factors Occupancy Preferred orientations Absorption Surface roughness Sample transparency Powder average Atomic scattering factors 
Polarization Beam intensity Detector type 
Peak positions Lattice parameters Space group Macro-strain 
Wavelength Sample displacement Zero shift 
 Additional information on the progress of a refinement can be obtained by the comparison of the fitting errors for the different models and the same data210. The weighted ˗factor ( ) is a commonly quoted measure of fit.  is defined as the square root of the cost 
function (or weighted sum of square residuals) divided by the weighted intensities ∑ ( , ) .  
=  ∑ ( , −  , )∑ ( , )  
Equation 2-24 Weighted profile -factor  Another useful error parameter is the expected -factor ( ) which is the “best possible 
” calculated by the assumption that the numerator in Equation 2-24 takes its expected 
value, which equals to the − +  degrees of freedom for the refinement ( . .  the number of data points less the number of varied parameters).  
=  − +∑ ( , )  
Equation 2-25 Expected -factor  The ratio of the two aforementioned -values known as goodness-of-fit denoted as  or   and commonly quoted as  value in the literature.  
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=  ∑ ( , − , )− + =   
Equation 2-26   defined in Equation 2-26 can be thought as the ratio between the sum of square residuals to its ideal value,  should therefore never drop below one. Although desirable,  values do not always approach unity since high intensity datasets tend to provide larger   values (due to the higher ). There are no absolute  values to use as a guideline. A better 
approach is to use the  obtained for a structure-free Pawley fit as an indication for the 
validation of the final model210.  The final review of the refinement is a crucial process which includes: the attainment of a good visual fit between the calculated and observed model with a near-flat residual line ( , −  , ), to check that the last parameters introduced in the refinement did not introduce significant differences to the visual fit of the data as well as to seek for the presence of unexpected correlation between parameters. Lastly and most importantly, the refined parameters must be chemically and physically sensible.   One should also check for the possibility of whether the refinement happens to fall in local minimum. The Rietveld method is based on gradient search using derivatives of  (see 
Equation 2-18). Once the system has settled within a local minimum, traditional refinements with parameters shifts based on gradients fail because the gradients are zero at a local minima. The litmus test to check for global/local convergence of the refinement is to input variations on the starting model to seek whether the same solution is obtained.  Lastly, the final models were collated with complementary techniques such as Fourier maps211 (or difference Fourier maps) to check for un-modelled scattering intensity, and Bond Valence Sum (BVS) calculations212 to test the chemical plausibility of the refined structure. 
2.3.1.3.1.4 Maximum Entropy Method (MEM) 
The Maximum Entropy Method (MEM) allow for the extraction of information from an incomplete data set ( . . missing structure factor phase or overlapping peaks)213. When the entropy of a system is maximized, every pixel of the density map will have the same probability and the information thereof extracted will be demanded by the data and not an artefact of the method. The goal of MEM is to find the density that maximizes the entropy ‘ ’.214  
=  − ̅  
Equation 2-27  where  accounts for the data points throughout the unit cell ,  is the density at the th 
point and ̅ is the mean density of the cell.  MEM is commonly used as a complementary method for deriving the most probable charge-density distribution and a fast approach to visualize the type of disorder. MEM is often complimented with other techniques such as charge flipping215 or Rietveld216,217 and it has been successfully applied to the investigation of disordered structures and the determination of diffusion pathways in ionic conductors which are difficult to solve by Rietveld alone218-220. The MEM analysis presented in this thesis was performed by Dr Michael Pitcher with JANA 2006221. 
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2.3.2 Electron Microscopy 
Electron microscopy (EM) constitutes a powerful tool for structural and elemental characterization of materials. The use of electrons for sample illumination, allows for a high magnification power of up to 1,500,000x, whereas optical microscopes have a magnification below 2000x. Electron as well as optical microscopes can be divided into three sections: The illumination system, the specimen stage and the imaging system222.   In EM, the illumination system is comprised by an electron gun (which typically consists of a tungsten filament or LaB6) bombarding electrons that are focused onto the specimen by the condenser lenses. The condenser lenses are magnetic and electric fields able to condense and disperse the negatively charged electrons. Thus, condenser lenses act in an analogous way to glass lenses in optical microscopes. Additionally, the intensity of the beam reaching the sample can be varied by the condenser aperture, a small hole in a metal located below the condenser lenses.   
 Figure 2-13 Comparative schematic view of a Transmission Electron Microscope (TEM) on the left side of the image and a Scanning Electron Microscope (SEM) on the right. The image was taken from JEOL handbook223.  Figure 2-13 gives a comparative schematic view of two electron microscopes: a transmission electron microscope (TEM) and a Scanning Electron Microscope (SEM). Both instruments have different features and resolution power that will be further explained in the following subsections.  
2.3.2.1 The Transmission Electron Microscope  
In Transmission Electron Microscopy, the electrons ejected from the heated electron gun into a vacuum are accelerated by a high potential. Ruska  . 224 expressed the wavelength of accelerated electrons (ignoring relativistic effects) as,  
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=  ℎ2  
Equation 2-28  where ℎ refers to the Planck’s constant (ℎ =  6.626 ⨯  10  · ),  and  are the mass and charge of the electrons and  is the acceleration voltage for the electrons. By means of an applied accelerating potential the electrons wavelength shrinks to short wavelengths ( . . ~5 pm at 50 kV) able to penetrate a thin specimen (up to ~200 nm of thickness) and form a transmission electron diffraction pattern or an image with a low spatial resolution when the TEM microscope is working in diffraction or imaging modes respectively.   
 Figure 2-14 ( ) Signals originated from high energy electron bombardment of a thin specimen. ( ) EDX spectrum of La3Ga4Ge2O14.5, the X-ray energy in keV is given in the -axis and the number of counts in the -axis.  Additionally, an X-ray detector can be incorporated into TEM microscopes allowing for a quantitative analysis of the elements present within nano-sized crystallites by Energy Dispersive X-ray Spectroscopy (EDX). When an atom absorbs a quantized amount of energy, an inner-shell electron is scattered inelastically leaving an electron vacancy.  Characteristic X-rays occur as a consequence of de-excitation processes in which an electron from an outer shell higher in energy fills an electron vacancy in an inner shell. During this process a phonon whose energy is characteristic of the atomic number  of the atom is released. The emitted photons are recorded by the detector and an X-ray emission spectrum is produced. The EDX spectrum in Figure 2-14-  shows a continuum of energy, , or bremsstrahlung which accounts for electrons that are accelerated towards the nucleus emitting photons with a broad range of energy and characteristic peaks of the of elements analysed. The number of X-ray photons contributing to the characteristic peak of an element A ‘ ’is given by:  =  Equation 2-29  where  is the number of A atoms,  is the thickness of the sample,  ionization cross section factor which depends on the type of inner shell ( , , . ),  is the X-ray fluorescence factor and   is the number of electrons passing through the sample.   During the quantification analysis, the background is subtracted from the spectrum and additional corrections which account for absorption from a finite depth in the sample or fluorescence by other X-rays generated in the sample are applied. Additional peaks 
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attributed to Cu or Fe in the immediate vicinity of the sample are often visible in the recorded spectrum (see Cu  peak in Figure 2-14) are not considered in the quantification. The elements are quantified with respect to a standard whose exact composition is known beforehand. The instrument calibration was carried out by measuring  the peak-intensity ratio ( / ) of a standard containing two elements A and B in a known ratio / . 225   
=  
Equation 2-30  In this thesis, the TEM work was carried out using a JEOL 2000FXII operating with a W electron source at 200 keV, and a JEOL 3010HR with a LaB6 electron source run at 200 keV. These microscopes were operated by me with the training provided by Dr Simon Romani.    
2.3.2.2 The Scanning Electron Microscope  
The Scanning Electron Microscope (SEM) is formed by an electron-optical column which operates in a similar manner to the TEM column (see Figure 2-13). However, in contrast to TEM, in SEM the images are formed by scanning the surface of a bulk specimen. The primary incoming electrons are focused into an electron probe that is scanned across the bulk specimen in two perpendicular directions. A 2D image is form by collecting secondary electrons released from the solid from each point on the specimen.  SEM is a valuable technique that can provide information regarding the topography of the solid or powders under study as well as elemental analysis. In the work carried out in this thesis SEM constituted a valuable tool for a better understanding of the pellets morphology at a micron scale. A Hitachi S-4800 scanning electron microscope was used operated by Dr Marco Zanella.  
2.3.3 Electrochemical Characterisation: Impedance and Modulus Spectroscopy of polycrystalline solid electrolytes 
Electrochemical impedance describes the response of a circuit to an alternating current or voltage as a function of frequency. It constitutes a very powerful technique for the evaluation of the electrochemical phenomena involved in a wide range of studies such as corrosion226, evaluation of coatings227, electrodeposition228 and fuel-cell diagnosis52,229,230. This section is referred to the study of the conductivity in solid polycrystalline samples.  The impedance ( ) can be expressed as a function of the current ( ) and voltage ( ) as,   
 [V] =  [A] [ ] Equation 2-31  This expression is analogous to the more simplistic Ohm’s law ( = / ) which holds only 
in DC theory for an ideal resistor , when = 0  . However, impedance is a more complex phenomenon that not only takes into account the differences in amplitude of two voltage and current waveforms ( ) and ( )  but also their shift in time or phase. Thus, the impedance function can also be expressed as a complex number, where the aforementioned 
resistance  is the real component and the reactance  is the phase shifted imaginary 
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component which is in turn constituted by the capacitive reactance  and the inductive 
reactance .  = +  =  [ ] + [ ] =  + ( + ) Equation 2-32  where  is the imaginary number and indicates an anticlockwise rotation by  /2  relative to the real part of the impedance, ’. The Euler’s formula exp( ) = +  allows us to relate the real and imaginary components of the impedance in the Argand plane which is commonly referred to as the complex impedance plane.   Typically, an AC impedance experiment consists of the application of an AC potential signal ( )  with a frequency, ≡  /2   into a system. As a consequence of the applied voltage, a current ( ) shifted by  with respect to ( ) is generated and measured.  
=  ( ) ( ) =  
sin( )
sin( +  ) Equation 2-33  
In Equation 2-33,   and  are the amplitudes of the applied and measured signals 
respectively. When a small voltage is applied into the system whose amplitude ‘ ’ is less than the thermal voltage, = / , where  is the Boltzmann constant,  is the absolute temperature and  is the charge of the mobile species responsible for the conductivity, the impedance  is time independent and the system is electrically linear. In this scenario, the measured signal can be transformed from the time domain into the equivalent frequency domain by a Fourier transform.  
2.3.3.1 Nyquist plot: Electrical Circuit elements 
In samples of a polycrystalline nature such as the ones studied in this work, the perturbation of the lattice near the grain boundaries influences the transport processes giving rise to a differentiation on the responses observed by different regions within a sample. The different regions are usually characterized by a resistance and capacitance placed in parallel which is known as an ‘RC element’, whereas the use of inductors is rarely considered and there is controversy to find a physicochemical meaning to this phenomenon.   Table 2-5 Circuit element symbol and impedance equivalent 






 =   [ ]  =  − 1/ [Hz] [ ] 
Inductor 
 
 =  =    
 Each ‘  elements’ associated with an arc in the complex impedance is characterized by a “time constant” or “relaxation time”  given by:    [ ] = [ ] [ ] Equation 2-34  The relaxation time   in Equation 2-34, relates to the relaxation frequency  by  =  1. The value of the capacitance is commonly calculated from the highest angular frequency 
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 value of the imaginary impedance Z” at the top of a semicircle in the complex impedance plot in Figure 2-15.   [ ] [ ] [ ] = 1 Equation 2-35  For a ‘parallel ’ above a certain frequency the impedance of the capacitor becomes much smaller than that of , effectively removing the resistor from the circuit at the lowest frequencies (rightmost of the Nyquist plot).Thus,  values can be read from the intercept with the ’ axis.  From Equation 2-35 it is derived that for a full semicircle to be observed in the complex impedance plane ≫ 1  must be satisfied. A common approach that allows bringing the bulk arc within the range of frequencies measured is to lower the temperature thus increasing .   The impedance of polycrystalline materials can be treated as layers of different thicknesses which are inverse proportionally related to the capacitance ( . .  low capacitances are assigned to thick layers of bulk material and high capacitances to thinner layers such as  grain boundaries, electrodes, . ). Typical ranges of capacitance values associated to different phenomena have been reported by Irvine  . in ref.231. Thus, the calculation of geometry corrected capacitance values, allows correlating an arc observed in the Nyquist plot to a specific region of the sample.  
 Figure 2-15 Idealized Impedance spectrum showing two clearly defined time constants   and  . The corresponding simple equivalent circuit comprising two  elements 1 and 2 in series is represented on top of the arcs.    Different  elements with well-separated time constants  differing from one another by orders of magnitude will give rise to well-resolved semicircles in the Nyquist plot. However, polycrystalline samples usually show deviation from a perfect semicircle in the impedance plane and appeared instead as a single elongated arc232. These deviations could be due to numerous factors such as the closeness of the time constant between two processes, sample inhomogeneity or presence of defects. There are numerous models to fit these elongated semicircles into RC circuits. Complex Nonlinear Least Squares Fitting (NLLSF) programmes are used to fit a series of overlapped arcs observed in the complex impedance plane to equivalent circuit models which are not based in physical evidences233,234.    
Z’
Z’’
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2.3.3.2 Combined Impedance and Modulus Spectroscopy 
In the work carried out in this thesis when complex plots for the impedance were dominated by the most resistive component the data was analysed by the combination of impedance and modulus formalism. This approach allowed us to separate the bulk component from the grain boundary contributions.  In the plot of the imaginary component of the modulus ’’  and impedance ’’  vs the frequency the Debye peaks account for:  
M =  CC
ωRC
1 + (ωRC)  Equation 2-36  
=   1 + ( )  Equation 2-37  where C  is the capacitance of a free cell given by C =  ε A /l  (where ε = 8.854 10  · is the permittivity of free space and ‘ ’ and ‘ ’ are the area and length of the pellet), C is the capacitance of the material, ω  is the angular frequency, ω =  2πf  where f  is the applied frequency in Hz. At the peak maxima where ω RC =  1 it holds that:  
M =  C2C Equation 2-38  
Z =  R2 Equation 2-39  Based on Equation 2-38 the peak maxima at the ’’ spectra is proportional to 1/  and the modulus plot will therefore be dominated by the thicker layers of the samples with smaller capacitances. On the other hand, at the peak maxima ’’ is proportional to the resistance  and the ’’ plot will be dominated by the most resistive component. It is then possible to differentiate the distinct components to the impedance in a polycrystalline sample by the combined use of the ’’ and ’’ plots.    The relaxation time introduced in Equation 2-34 can alternatively be expressed as a function of the fundamental parameters conductivity ( ) and permittivity ( ε ) as =( / ). Thus, the conductivity can be expressed as a function of the frequency at the maxima of the Debye peaks in the ’’ plot as:    =  2πf ε ε Equation 2-40  Permittivity values frequently range from 20 to 40, and they do not show a large variation with temperature. Therefore, the position of the peaks in ’’ plots is mostly correlated to the changes in conductivity.  Porosity corrections were applied to the as-measured permittivity values ε′. The Heidinger approximation235 introduced in Equation 2-41 accounts for the porosity  correction to the 
measured dielectric constant  ε′ .   
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ε =  ε 1 − 3P(ε − 12ε + 1  Equation 2-41  The Heidinger model successfully describes the dependence of ε with porosity  values up to 0.4236,237. Permittivity approaches to its intrinsic value at high frequencies. Experimentally it was observed that the measured values of the permittivity were constant at 10-2 ⨯ 106 Hz. The intrinsic permittivity ε’ used in our calculations were measured at room temperature under dry conditions at ~105 Hz, close to the limit frequency of 2 MHz delimited by the Agilent E4980 LCR meter capacity.  
2.3.3.3 The experiment 
2.3.3.3.1 Sample preparation 
In order to relate the calculated resistance to the conductivity of the sample the dimensions of the sample need to be considered.  For a given sample of a length  and a surface area , the conductivity  is given by:  
 [ · ] = [ ][ ]  [ ] Equation 2-42  High density pellets with parallel faces with uniform 1-2 mm thickness were prepared.  Commercially available noble metal pastes were painted on the sides of these dense pellets to perform as electrodes. Given the range of temperatures (350-950 °C) studied in this thesis gold was used as this metal performs well at such high temperatures. Furthermore, this material was found to be chemically inert avoiding undesired processes in the system such as the charge-transfer and polarisation at the electrode-electrolyte interface. Gold wires are attached  the noble metal paste and wrapped around platinum wires in the measurement rig.  Two impedance analysers were used for the work carried out in this thesis: an Agilent E4980 LCR meter over the 20 Hz - 2 MHz frequency range using 300 mV perturbation voltage and a Solartron 1255B Frequency response analyser coupled to a Solartron 1287 electrochemical interface and a 1296 Dielectric + FRA equipment over the 100 mHz ˗ 1 MHz frequency range, also using a 300 mV perturbation voltage.  
2.3.3.3.2 Variable pO2 
The study of the -dependence with the conductivity allows us to confirm that the oxide ions are responsible for the conductivity and the electronic contribution to the conductivity is negligible ( . . ≫ )238.  In this work, samples were evaluated as a function of at a constant temperature. These experiments were carried out in a tube furnace where the oxygen partial pressure is controlled by mixing Ar, O2, CO and CO2 in different ratios. Ar/O2 (for high  range) and CO/CO2 (for low  range). This CO2/CO equilibrium allows for changes in  as:  
+ 12 ⇄   Equation 2-43  
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For which:  
° =  − ln   
Equation 2-44  Where ° represents the standard Gibbs energy changes,  is the gas constant and  is the temperature in . The isolation of   in the above equation leads to the final expression of   as a function of the CO/CO2 ratio which is monitored by a 617 programmable electrometer, ° and :  
=  1 °/  
Equation 2-45  where  G°[J]  =  −282,400 + 86.81T  Equation 2-46  The sample was allowed to equilibrate (sometimes for several hours) between each set of measurements before proceeding with the reading of a value. It should be noted that a higher dwelling time was required to stabilize the sample at lower oxygen partial pressures. Moreover, reversibility tests were performed after the measurements at the lowest studied.   The measured conductivities were plotted as a function of  where the ionic conductivity can be identified as the -independent conductivity.  Ionic conductivity is defined as:  
= μ /  
Equation 2-47  where  is the amount of charge carried by the ionic species with a charge , concentration C  and ionic mobility μ , and  is the activation energy for the ionic migration. The activation energy can be extracted from the temperature dependence with the conductivity in the Arrhenius plot. If logσ T  is plotted as function of  1/T  ,  can be calculated equating the slope of the plot to − /( (10)). 
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3 EXPLORATION OF SYNTHETIC 
ROUTES TO INTERSTITIAL 
OXIDE IN La3Ga5MO14 
LANGASITES M=Si, Ge, Ti, Sn, Hf AND Zr 
This chapter introduces the synthetic work comprising the doping of La3Ga5MO14 where M = Si, Ti, Ge, Zr, Sn and Hf with a langasite structure. Different doping approaches were carried out all consisting of substituting a host cation by one of similar size and a higher valence so as to incorporate interstitial oxide ions. Various dopants were selected for substituting La, Ga and M host cations on the different sites: Ce4+ for La3+ on the A site Nb5+, Ta5+, Mo6+ and W6+ were used as dopants in the B octahedral site and lastly the substitution of M4+ for Ga3+ on the B, C and D sites was attempted. Conductivity measurements were carried out on those La3Ga5MO14-based systems incorporating extra oxygen. La3Ga5˗xGe1+xO14+x/2 was identified as the most promising candidate system 
showing the greatest improvement in conductivity (~4 × 10-3 S∙cm-1 for  = 0.3 at 700 °C) with respect to the parent La3Ga5O14 material (~1 × 10-5∙S cm-1 at 700 °C). Moreover, La3Ga5˗xGe1+xO14+x/2 has shown a remarkable flexibility for the accommodation of extra oxygen evidenced by the incorporation of 5.36 % of extra oxygen in La3Ga3.5Ge2.5O14.75. Such an extent of the solid solution was achieved by the careful tuning of the reaction conditions  Pechini’s route.   All the syntheses and analyses presented in this chapter are my original work, with the exception of the synthesis and conductivity measurements in La3-xCe1+xGa5SiO14+x/2 that were carried out by Dr Maria Tsiamtsouri. 
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3.1 Target materials 
In sections 3.3.2.1-3.3.2.3 the exploratory work carried out on each doping mechanism is individually discussed. The doping strategies involve the substitution of a host lattice cation by a dopant with a higher valence and a similar size to that of the host cation (see Table 3-1).  Table 3-1 Coordination, charge and ionic radius of the host (M) and dopant (M’) cations on sections 0-0. 
Section System Site Coordination Host Dopant Charge Ionic  radius (Å) Charge Ionic radius (Å) 
3.3.2.1 La3-xCexGa5MO14+x/2 A VIII La3+ 1.032 Ce4+ 0.97 
3.3.2.2 La3Ga5M1-xM’5+xO14+x/2 and La3Ga5M1-xM’6+xO14+x 












Ionic radii are taken from ref. 239. 
3.2 Experimental Methods 
3.2.1 Synthesis 
The exploratory synthesis of doped La3Ga5MO14 were carried out by the traditional solid-state reaction method involving the mixing of stoichiometric amounts of the binary oxides used as starting materials as follows: lanthanum (III) oxide (Alfa Aesar, Reacton 99.99 %), cerium (IV) oxide (Alfa Aesar, 99.9 %), niobium (V) oxide (Sigma Aldrich, 99.99 %), tantalum (V) oxide (Sigma Aldrich, 99.99 %), molybdenum (VI) oxide, tungsten (VI) oxide, gallium (III), oxide (Alfa Aesar, 99.99 %), silicon (IV) oxide (Alfa Aesar, 99.9 %), germanium (IV) oxide (Sigma Aldrich, 99.99 %), titanium (IV) oxide Alfa Aesar, 99.9 %), zirconium (IV) oxide (Sigma Aldrich, 99 %), tin (IV) oxide (Alfa Aesar, 99.9 %) and hafnium (IV) oxide (Alfa Aesar, 99 %).   The aforementioned precursors were thoroughly combined by manual grinding in an agate mortar until a well-mixed fine powder was obtained.  Afterwards, the samples were annealed in alumina crucibles at high temperatures ranging from 1200 to 1400 °C in suitable furnaces. The heating programmes typically involved heating and cooling cycles at a rate of 3 ° min-1 and dwell times of 12 hours. Repeated cycles of grinding and calcination were avoided due to Ga (and Ge) volatility concerns in these systems. Alternative ways to achieve phase purity such as the decrease in particle size by means of mechanical milling of the precursor or an alternative solution based Pechini approach were carried out for promising systems: La3Ga5-xGe1+xO14+x/2 , La3Ga5-xTixSiO14+x/2 , La3Ga5˗xTixGeO14+x/2 and La3Ga5-xSnxTiO14+x/2  introduced in sections 3.3.2.3.1.1-3.3.2.3.1.4. The mechanical milling sets consisted of combining 3-6 g of powdered material with eight ø = 10 mm sized balls of 
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zirconia in a ø = 40 mm zirconia pot at the rotation speed of 350 rpm for 15 cycles operating with direction reversal and a 10 min pause time after each 15 min cycle.   Additionally, La3-xCexGa5GeO14+x/2, La3Ga5Ge1-xTaxO14+x/2, La3Ga5Ge1-xM'6+xO14+x where M’6+ = Mo and W, La3Ga5-xTixGeO14+x/2 and La3Ga5-xGe1+xO14+x/2 were further explored by the Pechini method. This alternative reaction route comprised the mixing in an aqueous media of stoichiometric amounts of lanthanum (III) nitrate (Alfa Aesar, 99.99 %), a pre-made solution of ammonium cerium (IV) nitrate (Sigma Aldrich, ACS ≥ 98.5 %) whose exact cerium (IV) concentration was evaluated beforehand by means of ICP elemental analysis, gallium (III) (Alfa Aesar Puratronic 99.999 %) nitrate, ammonium molybdate (Alfa Aesar, 99.99 %), ammonium (para)tungstate hydrate (Sigma-Aldrich, 99.99 %) and both a commercial Ta-oxalate solution (H.C. Strack) and a solution made from tantalum (V) chloride (Alfa Aesar, 99.8 %) following the procedure reported in ref.240 were used as precursors of tantalum, a commercial solution of titanium (IV) bis(ammonium lactacto) dihydroxide (Sigma-Aldrich) and germanium (IV) oxide (Sigma-Aldrich ≥ 99.99 %). The reactant solution was later combined with equimolar quantities of citric acid as a chelating agent and ethylene glycol. The solution was left to polymerize for 15 hours at 175 °C in a hot plate until dry. The resulting gel was afterwards calcined at 600 °C for 60 hours and the amorphous mixture of reactants were thereafter separated into different batches, pressed into pellets and fired at the various synthetic temperatures explored for 12 hours.   The actual compositions of the synthesized samples were determined by Energy Dispersive X-ray analysis (EDX) in a JEOL FX2000 and a JEOL 3010 Transmission Electron Microscopes (TEM) operated at 200 kV.  
3.2.2 XRD, SXRD and NPD 
The X-ray powder diffraction patterns were collected in a PANalytical X’pert Pro 
diffractometer with a Co-source ( , = 1.7890 Å ) and in a Bruker D8 Discovery diffractometer with a Cu-source ( , = 1.5406 Å ). Synchrotron X-ray powder diffraction data (SXRD) was collected in La3Ga5TiO14 and La3Ga5SiO14 specimens at the BL01C2 beamline at the NSRRC (Taiwan) at a wavelength of 0.56357 Å over a 2  range from 3.5 to 42° at 297 K. High resolution powder neutron diffraction data was collected in La3Ga5GeO14 in HRPD at ISIS (UK) also at room temperature. Rietveld refinement and Pawley fittings of the synthesized phases were performed with TOPAS200. 
3.2.3 Conductivity determination 
Dense pellets of the following compositions were prepared for AC impedance measurements: La2.5Ce0.5Ga5SiO14.25, La3Ga4.7Ge1.3O14.15, La3Ga4.7Ti0.3SiO14.15 and La3Ga4.8Sn0.3Ti0.9O14.1. As well as  the parent materials:  La3Ga5GeO14, La3Ga5SiO14 and La3Ga5TiO14 . The sintering protocol involved CIPing the pre-reacted powders at 200 MPa followed by a prolonged 12 hours sintering at 1250-1350 °C and slow cooling to room temperature at a rate of 1 ° min-1. This procedure yield ceramic discs with ρ ≥ 90 % of their theoretical density. The pellets were painted with gold paste acting as electrodes and then cured in a furnace at 600 °C for 3 hours.   AC impedance Spectroscopy analyses were performed in air under ambient pressure in a Solartron 1255B Frequency Response Analyser coupled to a Solartron 1296 dielectric interface at a temperature range 600-1000 °C from 0.01 Hz to 1 MHz while applying a perturbation voltage of 300 mV. 
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3.3 Results and Discussion 
3.3.1 Cation Distribution of La3Ga5M4+O14 (M = Si, Ti, Ge, Zr, Sn, and Hf  
The site preference as a function of the M4+ cationic size in La3Ga5M4+O14 where M4+ = Si, Ti, Ge, Zr, Sn and Hf is reported by Takeda  . in ref.241 , as determined by a site-multiplicity Rietveld refinement of powder X-ray diffraction data on La3Ga5MO14 polycrystalline samples synthesized by the solid-state reaction method at high temperatures. Herein, a study of  La3Ga5MO14 with M = Si, Ti and Ge is presented, analogous to the one in ref.241. La3Ga5MO14 compositions with M = Sn, Hf and Zr did not form phase pure samples and a small amount of pyrochlore phase La2M2O7 (~1-3 % in mass) was observed. The coexistence of langasite as a main phase with a La2M2O7 impurity in M = Sn, Hf and Zr samples was also observed in ref.241. Due to the difficulties in achieving phase pure La3Ga5MO14 with M = Sn, Hf and Zr, only the Rietveld refined PXRD data for La3Ga5MO14 with M =,Si, Ge and Ti are presented here. The data for La3Ga5MO14 with M = Sn, Hf and Zr in Figure 3-2 is taken from ref. 241.   Synchrotron data of La3Ga5GaSiO14 and La3Ga5TiO14 was refined in a 321  space group using the models from ref.241 as the starting point of the refinements. Symmetry allowed atomic positions, lattice parameters, zero shift and scale factors were refined initially. Due to the fact that refined  cation thermal parameters were spherical they were reverted to 
. The total occupancies of the B, C and D sites were enforced to add up to 1 and the 
relative occupancies  of M4+/Ga on these sites were refined.  The peak profile was refined with a pseudo-Voigt function giving a good fit of the peaks (see Figure 3-1). The background was refined with a Chebysev function using twelve polynomials which adds up to 39 variables refined in each data set. The refined compositions in the final model were La3Ga5.07(2)Ti0.93(2)O14 and La3Ga5.02(1)Si0.98(1)O14 which are in good agreement with their nominal composition. The fitting errors and visual fit of the refinements are introduced in Table 3-2 and Figure 3-1. Additionally a table with the refined atomic positions is given in Appendix 2. The refinement of the La3Ga5GeO14 NPD data is introduced in detail in chapter 4 along with La3Ga4Ge2O14.5 and La3Ga3.5Ge2.5O14.75 doped compositions. Therefore the refinement steps in La3Ga5GeO14 are omitted in this section to avoid repetition.  Table 3-2 Fitting errors of the Rietveld refined La3Ga5MO14 with M = Si and Ti SXRD data. 
 La3Ga5SiO14 La3Ga5TiO14 
 6.102 6.926 
=  /  1.477 1.183 
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 Figure 3-1 SXRD refinement of La3Ga5SiO14 (a) and La3Ga5TiO14 (b). The red crosses indicate the observed data, the black solid line the calculated model, the blue horizontal line the difference between the two and the vertical green lines the position of the Bragg peaks.   The analysis of the refined atomic parameters as a function of the M4+ cation size (see Appendix 2 for the refined atomic parameters in La3Ga5MO14 M = Si and Ti and page 88 for La3Ga5GeO14) revealed that smaller cations such as Si and Ge (ionic radii for 4-coordinated Si4+ and Ge4+ are 0.26 Å and 0.39 Å respectively239) were found to have a disordered structure with a mixture of Ga and Si/Ge on the smaller tetrahedral D site.  Since Ga3+ and Ge4+ have the same number of electrons, they are indistinguishable by X-ray diffraction techniques and the proposed cation site distribution in La3Ga5GeO14 was made based on calculated bond valence sums (BVS). Amongst the calculated BVS for B, C and D sites the highest  = 3.4  corresponded to the smaller tetrahedral D (2d) site and its occupancy was therefore fixed to ½ of Ga and Ge. The site occupancy for Ga and Ge in La3Ga5GeO14 will be further discussed later on in this thesis in Chapter 4. Larger Ti4+ shows a disordered structure with Ti partly occupying the octahedral B and tetrahedral C sites, which is in good agreement with ref.241. The even larger Sn, Hf and Zr cations were found to occupy solely the octahedral B site, thus constituting ordered structures242.   
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A summary table with the site preferences, and structural distortions calculated from the SXRD La3Ga5SiO14 and La3Ga5TiO14 data and the NPD refined La3Ga5GeO14 model was constructed  in  Table 3-3.  Table 3-3 Summary of the refined lattice constants, site preferences and structural distortion of La3Ga5MO14 with M = Si, Ge and Ti for comparison with the values reported by Takeda  . 
M4+ Si Ge Ti 
Ionic radii239 (Å)  / ,* 0.26/0.4 0.39/0.53 0.42/0.605 
a (Å) 8.17733(3) 8.20886(2) 8.23718(4) 
c (Å) 5.09799(3) 5.10535(2) 5.11713(4) 
V (Å3) 295.225(3) 297.935(2) 300.687(4) 
Density (g/cm3) 5.725(5) 5.909(3) 5.735(8) 
Site preference: 
B(1a) Ga Ga 0.31(3)Ga+0.69(3)Ti 
C(3f) Ga Ga 0.92(2)Ga+0.08(2)Ti 
D(2d) 0.51(1)Ga+0.49(1) Si 0.5Ga+0.5 Ge Ga 
Mean ( − ) distances (Å): 
( − ),  2.610 2.598 2.603 
( − ),  1.996 1.992 1.991 
( − ),  1.854 1.845 1.862 
( − ),  1.706 1.804 1.809 
Distortion, Δ (magnified by 104): 
A site 56 51 53 
C 20 14 2.9 
D 6.3 1.1 4.2 
*   and   for Ga3+ are 0.47 and 0.62 Å respectively239.  The distortion ‘Δ’243 introduced in Table 3-3 is a dimensionless parameter which accounts for the mean relative deviation to the average bond lengths and is calculated as: 
=  1  −   
Equation 3-1  where  is the coordination number of the given site,  account for the individual −  lengths and  is the mean −  value in Å. Note that distortions for the octahedral B site are not given in Table 3-1 as they equal to zero since all the −  distances in the coordination sphere of B are identical.  To further evaluate the dependence of the −  distances in La3Ga5MO14 as a function of the M cation size the calculated and reported values in  ref. 242 were plotted against the effective M4+ radii in  Figure 3-2. This graph shows a good agreement between these two sets of values. 
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 Figure 3-2 Dependence of the mean −  distances with the cation size in La3Ga5MO14 by Takeda  . (filled-symbols) and in this study (open symbols). The reported and calculated  −   and −  distances in La3Ga5MO14 with M4+ Si-Ti are overlapping with each other.    From the inspection of Figure 3-2 it can be concluded that the size of the M cation in La3Ga5MO14 affects the octahedral B and tetrahedral D sites showing a greater variation in their relative distances with respect to La3Ga5SiO14 of 15 and 12 % respectively. The effect of the M cations in the mean distances is more tenuous in the tetrahedral C site and the 8-coordinated A site with a ~1 and 2 % variation respectively. 
3.3.2 Synthetic Outcomes 
3.3.2.1 A-site doping: La3-xCe1+xGa5MO14+x/2 
The substitution of Ce4+ for La3+ on the A site in La3-xCe1+xGa5MO14+x/2 was attempted in systems for which M4+ = Si, Ge, Ti and Sn. The reaction mixtures for several  values (0.1, 0.25 and 0.5) were prepared by the solid-state reaction method and separated into different batches that were calcined at different temperatures given in Table 3-4. Repeated cycles involving calcination and intermediate grinding of the reaction mixture were carried until reaction completion was achieved, as determined by XRD. The outcomes obtained at each temperature studied are also given in Table 3-4.  No incorporation of cerium (IV) was observed in La3-xCe1+xGa5MO14+x/2 with M = Ge, Ti and Sn. The PXRD patterns of these systems show the formation of the parent La3Ga5MO14 langasite and unreacted cerium (IV) oxide.     For M = Si4+, the incorporation of cerium into the A site was found succesful for 0 ≤  ≤ 0.5. The synthetic conditions leading to the succesful doping of cerium involved three calcination cycles with intermediate grinding. The sintering temperatures at each calcination cycle were increased from 1200 °C in fifty degrees steps up to 1300 °C in the final cycle that yield phase purity.   
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Table 3-4 Synthetic conditions and phases obtained for La3-xCe1+xGa5MO14+x/2 with M = Si, Ge, Ti and Sn.  
 Nominal compositions  (  = 0.1, 0.25 and 0.5) 
Synthetic Temperature (°C) Phases formed 
Disordered 
La3-xCexGa5SiO14+x/2 1200-1300 La3-xCexGa5SiGeO14+δ up to =0.5, CeO2, SiO2 and LaGaO3 
La3-xCexGa5GeO14+x/2 800-1200 La3Ga5TiO14 + CeO2 ( 3 ) + LaGaO3 
La3-xCexGa5TiO14+x/2 1300-1400 ( ~1400) La3Ga5TiO14 + CeO2 ( 3 ) + TiO2 ( 2/ ) 
Ordered La3-xCexGa5SnO14+x/2 1300-1400 La3Ga5SnO14 + CeO2 ( 3 ) + La2Sn2O7   
 Figure 3-3 Evolution of the  and  lattice parameters ( ) and cell volume ( ) as a function of ' ' in La3-xCexGa5SiO14+δ.  lattice parameter is represented as red circles and black squares are used for  in ( ). In ( ), blue triangles are used to designate cells’ volumes. The errors of each value as 1 ⨯ e.s.d are frequently lying behind the symbols.   Upon doping, a slight decrease in the cell volume of ~0.9 Å3 was observed from 294.380(6) Å3 in La3Ga5SiO14 to 293.49(1) Å3 in La2.5 Ce0.5Ga5SiO14+δ. Such a subtle change in the volume suggests a change in the oxidation state of the dopant incorporated from Ce4+ to 
Ce3+ with a larger ionic radii ( the ionic radii for these cations are:  , =  0.97 Å and 
, =  1.143 Å)239. Comparable results were observed in isovalent substitutions of La3+ by Nd3+ is discussed later on in this thesis in section 5.2.1.1 (see page 124). The substitution of 17 % of La3+ by Nd3+ in La2.5Nd0.5Ga4Ge2O14.5 entails a decrease of ~1.9 Å3 of the volume of the cell from 297.35(7) in La3Ga4Ge2O14.5 to 295.50(3) Å3 (with , = 1.109 Å,239 having a similar ionic radii to that of Ce3+, VIII)239. 
3.3.2.2 B-site doping: La3Ga5M1-x(Nb/Ta)xO14+x/2 and La3Ga5M1-x(Mo/W)xO14+x 
The syntheses carried out in this section 3.3.2.2 aimed at the introduction of extra interstitial oxide ions in La3Ga5GeO14 by the substitution of Ge4+ for Ta5+, Mo6+ and W6+. These syntheses were approached by Pechini in  order to avoid the formation of LaNbO4 and LaTaO4 impurities, which are favoured by high temperatures (~1300 °C) demanded by the solid-state reaction method. The Pechini method was found to lower the temperature for the formation of the langasite phase, which was now observed at 800 °C. However, M5+ and M6+ impurity containing phases were present in the product of the reaction with still no 
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evidence of dopant incorporation into the langasite structure ( . . there was no change in the lattice parameters of the main langasite phase after repeated firings as determined by Pawley fitting of the XRD data).   Table 3-5 Synthetic conditions and phases obtained for the B site doping approaches attempted in La3Ga5GeO14. 
Nominal compositions studied (  = 0.1, 0.25 and 0.5) 
Synthetic Temperature (°C) Phases formed 
La3Ga5Ge1-x M’5+xO14+x/2 M’ = Ta5+ 800-1300 La3Ga5GeO14 + La3Ga5.5Ta0.5O14 M’ = Nb5+ 1200-1300 La3Ga5GeO14 + La3Ga5.5Nb0.5O14 
La3Ga5Ge1-x M’6+xO14+x 
M’ = Mo6+ 800-1300 La3Ga5GeO14 + La2Mo2O9 
M’ = W6+ 800-1300 La3Ga5GO14 + La2GeO4 + Ga2O3 + WO3 
3.3.2.3 B, C, D-sites doping La3Ga5-xM’4+xMO14+x/2   
The synthetic exploration of La3Ga5-xM’4+xMO14+x/2 constitutes the most extensive approach undertaken with a total of 27 different compositions analysed. These studies reveal that a modest amount of interstitial oxide ions can be introduced in langasites where M cations have a smaller size comparable to that of Ga ( . . Si, Ge and Ti). The outcomes of several explorations carried out by the solid-state reaction method at high temperatures ranging from 1250-1350 °C are summarized in Table 3-6 where each La3Ga5˗xM’4+xMO14+x/2 is categorized as ‘’, ‘i’ or ‘’ whose meaning is explained below.  Table 3-6 Chart showing the outcome of the preliminary exploratory synthesis for La3Ga5-xM’4+xMO14+x/2 where ‘’ = La3Ga5MO14 + impurities, ‘i' = La3Ga5M1-xM’xO14 + impurities and ‘’ = La3Ga5-xM’xMO14+x/2. 
  Host La3Ga5MO14 langasites targeted for doping 
  Disordered Ordered 





Si  i i i i i 
Ge i  i i i i 
Ti    i i i 
Sn i      
Hf i i i    
Zr i i i    
 In Table 3-6, the red crosses ‘’ account for systems in which the host La3Ga5MO14 langasite did not show a change in the lattice parameters after tests involving various temperatures and several annealing cycles with intermediate re-grinding of the powders. These resulted in a mixture of the parent La3Ga5MO14 langasites and other impurity phases identified by PXRD. The ‘’ systems are as follows: La3Ga5-xSi1+xO14+x/2, La3Ga5˗xTi1+xO14+x/2, La3Ga5-
xSnxGeO14+x/2. This unsuccessful group of attempted compositions constitutes the smallest group in number amongst the three categories that the exploratory synthesis outcomes were classified in. For most of the systems studied, there was indeed a change in the lattice parameters of the host langasite targeted for doping whether it was the case that the M’4+ dopant was incorporated into the host structure by the substitution of Ga3+ as desired or by the substitution of the isovalent host M4+ cation. 
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 The ‘i’ symbol account for this later group in which instead of the formation of langasite phases incorporating extra oxygen with the given formula La3Ga5-xM’4+xMO14+x/2 a series of La3Ga5M1-xM’xO14 compositions were obtained. In La3Ga5M1-xM’xO14, the M’4+ dopant is substituting the isovalent M4+ cation instead of Ga3+ and no extra oxygen is incorporated into the structure as a result.  The synthetic conditions and phases formed in this ‘i’ category are listed in Table 3-7.   Table 3-7 Summary of the outcome and synthetic conditions attempted for various systems with La3Ga5-xM’xMO14+x/2 targeted nominal compositions resulting in the formation of La3Ga5M1-x M’xO14: ‘i’ 
 Synthetic Nominal Composition (where  = 0 – 0.75) 




















La3Ga5-xSixGeO14+x/2 1000 - 1350 La3Ga5Ge1-xSixO14 + LaGa0.75Ge0.93O4.485 
La3Ga5-xSixTiO14+x/2 1200-1300 La3Ga5Ti1-xSixO14 + La2Ti2O7 
La3Ga5-xGexSiO14+x/2 1200-1350 La3Ga5Si1-xGexO14  + La2Si2O7+ SiO2 
La3Ga5-xGexTiO14+x/2 1200-1350 La3Ga5Ti1-xGexO14 + La2Ti2-xGexO7 
La3Ga5-xSnxSiO14+x/2 1200-1350 La3Ga5Si1-xSnxO14 +SiO2 














 Zr La3Ga5-xM’xMO14+x/2 for M’ = Si, Ge or Ti and M = Sn, Hf or Zr 1000-1350 La3Ga5M1-x M’xO14 + La2M2-x M’xO7 
La3Ga5-xM1+xO14+x/2 For M = Sn, Hf or Zr These compositions were not attempted* 
* La2M2O7was present as a minority impurity phase for the parent La3Ga5MO14where M = Sn, Hf or Zr (see page 54). 
Amongst the 20 nominal La3Ga5-xM’xMO14+X/2 compositions studied falling within the ‘i’ category, the formation of a minority pyrochlore impurity phase was observed for all the systems studied with the exception of two: La3Ga5˗xSixGeO14+x/2 and La3Ga5-xSnxSiO14+x/2: 
 - In the synthetic exploration of La3Ga5-xSixGeO14+x/2, LaGa0.75Ge0.93O4.485 was identified as the more predominant impurity. LaGa0.75Ge0.93O4.485 is an unreported phase which is further discussed later on in this chapter in page 76.   
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- A SiO2 impurity was present for all La3Ga5-xSnxSiO14+x/2, with  = 0.1, 0.2, 0.4, 0.5 and 0.6 compositions studied. This impurity became more predominant as the amount of dopant ‘ ’ increased. This indicates that Sn4+ is substituting Si4+ and not Ga3+.   The remaining doping strategies listed in Table 3-7 lead to the formation of La2M2O7 impurities where M = Si, Ti, Sn, Hf and Zr.  Moreover, a change in the lattice parameters of the La2M2O7 impurity was observed attributed to the formation of a La2M’2-xMxO7 solid solution.  As an example, the Rietveld refinement of the outcomes of the exploratory syntheses in La3Ga5˗xTixSnO14+x/2 are given in Figure 3-4. The PXRD patterns were collected after the 3rd heating cycle at 1300 °C, when the reaction completion was achieved. The fitting parameters of the refinements and the trend in the lattice parameter recorded for the majority langasite phase is shown in Table 3-8 and Figure 3-5 respectively. The Rietveld refinement were carried out by the refinement of the background, peak shape, lattice parameters for the pyrochlore and langasite phases and scale factor for each phase.  The atomic positions and thermal parameters were not refined as these were only short scans (~30 min) aimed at determining the langasite and impurity phase ratio as well as testing the potential interstitial oxide accommodation by seeking trends in the lattice parameters as a function of ‘ ’, which in this case as in the other systems within the ‘i’ category was found unsuccessful.   The initial mixture of reaction with La3Ga5-xTixSnO14+X/2 nominal composition was found to form La3GaSn1-xTixO14 langasite and La2Ti2˗xSnxO7 pyrochlore phases predominantly, amongst other impurity phases. There is a continuous change in  and  lattice parameters 
of the majority langasite phase for  up to 0.5 (see Figure 3-5).  For  = 0.8, a plateau of the lattice parameters was observed. This sample was analysed by EDX elemental analysis in the TEM (see Figure 3-6-c). The averaged composition for the langasite and pyrochlore phases were established as: La2.98(7)Ga4.8(1)Ti0.43(6)Sn0.78(3)O14.11(3) and La1.94(5)Ga0.06(3)Ti1.85(4)Sn0.15(2)O7.00(1) respectively.     
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 Figure 3-4 Rietveld refined La3Ga5-xTixSnO14+x/2 with the nominal compositions: (a) = . , (b) = . , (c) = . , (d) = . , (e) = .  and (f) =  in space group . The vertical lines are indicating the Bragg positions of the peaks accounting for the phases identified as follows: magenta for langasite, green and yellow for pyrochlore phases, and orange for SnO2. The calculated percentages in mass for each phase are also given in the graphs. 
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 Figure 3-5 Evolution of the  and  lattice parameters in ( ) and cell volume ( ) in the samples with the La3Ga5-xTixSnO14+x/2 nominal compositions synthesized by the solid-state reaction method at 1300 °C for the samples with  = 0.8, 0.5, 0.4, 0.25, 0.05 and 0.  Table 3-8 Fitting parameters of the Rietveld refined La3Ga5-xTixSnO14+x/2 data 
 0 0.05 0.25 0.4 0.5 0.8 
 11.2 11.28 19.31 16.19 16.02 16.42 
=  /  1.32 1.34 2.24 1.77 1.86 1.79 
 The EDX analyses of three ‘i’ systems with nominal compositions:  La3Ga4.7Si0.3ZrO14.15, La3Ga4.5Zr0.5SiO14.25 and La3Ga4.2Ti0.8SnO14.4 are reported in Figure 3-6 (a-c respectively). The compositional mappings were done based on the analysis of approximately ten crystallites in each sample. The results of the EDX elemental analysis are in good agreement with the conclusions obtained from the PXRD data analysis. Although there was a change in the composition of the main langasite phase demonstrated by a change in the lattice parameters, the presence of M4+-rich impurities suggests that the M’4+ dopant was substituting the isovalent host cation and not Ga3+, with no extra oxygen being incorporated.   
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 Figure 3-6 EDX of ( ) La3Ga4.7Si0.3ZrO14.15, ( ) La3Ga4.5Zr0.5SiO14.25 and ( ) La3Ga4.2Ti0.8SnO14.4 targeted nominal compositions plotted as a red circle. Mixture of precursors with stoichiometric nominal compositions -  were annealed at 1300°C for three heating cycles with two intermediate grinding steps. The analysed compositions are plotted in black filled squares in the graph. The averaged measured compositions are ( ) La3.02(7)Ga4.87(9)Si0.6(2)Zr0.5(2)O14.05(6), ( ) La2.94(7)Ga4.89(8)Si0.9(1)Zr0.29(4)O14.08(4) and two clusters were identified in (c) with the averaged compositions of La2.98(7)Ga4.8(1)Ti0.43(6)Sn0.78(3)O14.11(3) and La1.94(5)Ga0.06(3)Ti1.85(4)Sn0.15(2)O7.00(1) corresponding to the langasite and pyrochlore phases respectively.   To account for the volatilization of Ga in these systems as a plausible cause for the change in stoichiometry of the mixture of reactants that could ultimately result in the formation of undesired impurity phases, an extra step was added to the heating programme. This extra step involved dwelling at 800-900 °C for 4-8 hours before reaching the final temperature of 1000-1350 °C. This synthetic strategy also resulted in the formation of the phases enumerated in Table 3-7 and the volatilization of Ga2O3 was discarded as the cause of impurity formation. 
3.3.2.3.1 Successfully doped La3Ga5-xM’4+xMO14+x/2 
The successfully doped La3Ga5-xM’4+xMO14+x/2 systems incorporating extra oxide ions denoted by a green tick mark ‘’ were introduced in Table 3-6. La3Ga5-xGe1+xO14+x/2, La3Ga5-xTixSiO14+x/2, La3Ga5-xTixGeO14+x/2 and La3Ga5-xSnxTiO14+x/2 synthesized under the conditions specified in Table 3-9 are able to incorporate a modest amount of around ~0.7-2.1 % of interstitial oxide ions. Henceforth, the study of each successfully doped composition is presented in more detail; ternary phase diagrams with the actual compositions determined by EDX and the observed trends in lattice parameters are given.   Table 3-9 Synthesized La3Ga5-xM’4+xMO14+x/2 compositions introducing extra oxygen  Section 
Nominal Composition 
Optimal synthetic Doping limit Impurities formed when 
temperature  (°C) /%  >  or  >  
3.3.2.3.1.1 La3Ga5-xGe1+xO14+x/2 1300  0.3 / 1.07 LaGa0.87Ge0.93O4.7 
3.3.2.3.1.2 La3Ga5-xTixSiO14+x/2 1300  0.3 / 1.07 SiO2 
3.3.2.3.1.3 La3Ga5-xTixGeO14+x/2 750   0.6 / 2.14  LaGa0.87Ge0.93O4.7 
3.3.2.3.1.4 La3Ga5-xSnxTiO14+x/2 1250  0.2 / 0.71  La2Ti2-xSnxO7 
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3.3.2.3.1.1 La3Ga5-xGe1+xO14+x/2 
 The extent of the solid-solution achieved by the solid-state reaction method at 1300 °C in La3Ga5˗xGe1+xO14+x/2 expanded to  values up to 0.3 (see Table 3-9). The firing of nominal compositions with  >  0.3 resulted in the formation of La3Ga4.7Ge1.3O14.15 and a minority LaGa0.87Ge0.93O4.7 impurity phase. The characterization of this impurity and the demonstration of the incorporation of extra oxygen in La3Ga5-xGe1+xO14+x/2  by means of EDX elemental analysis is presented in section 3.3.4 entitled ‘3.3.4 Synthesis optimization: Obtaining phase pure  3 3.5 2.5 14.75  Pechini.’.   
 Figure 3-7 La3Ga5-xGe1+xO14+x/2 (a) Change in the a and c lattice parameters denoted by black and red squares respectively and (b)  change in the cell volume by blue triangles as function of  determined by Pawley fitting. 
3.3.2.3.1.2 La3Ga5-xTixSiO14+x/2 
Doped La3Ga5-xTixSiO14+x/2 nominal compositions where  = 0, 0.25, 0.5 and 0.75 were synthesized by the solid-state reaction method. A linear trend in the lattice parameter as a function of  was observed,   and  lattice parameters increase and decrease respectively with the increase in the nominal  values up to 0.5 (see Figure 3-8). La3Ga4.25Ti0.75SiO14.375 (  = 0.75) nominal composition studied was found to form a SiO2 impurity and a main langasite phase matching the lattice parameters caculated for La3Ga4.5Ti0.5SiO14.25 (  = 0.5).  Therefore, the doping limit in La3Ga5-xTixSiO14+x/ 2 was set as  = 0.5.  
 Figure 3-8 Change in lattice parameters for La3Ga5-xTixSiO14+x/2 with  = 0, 0.25 and 0.5 determined by Pawley fitting. In (a)  lattice parameters are represented in black squares,  in red circles and in (b) the cell volume is represented in blue triangles.  
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Once the doping limit in La3Ga5-xTixSiO14+x/2 was established for x ~0.5, a 94 % dense La3Ga4.5Ti0.5SiO14.25 (  = 0.5) pellet was prepared and its conductivity measured. The conductivity results for successfully synthesized ‘’ La3Ga5-xM’4+xMO14+x/2 compositions are discussed later on in this chapter in section 3.3.3 entitled ‘3.3.3 Screening of the Conductivity’. The actual composition of La3Ga4.5Ti0.5SiO14.25, whose conductivity was studied by means of AC impedance in 3.3.3.2, was determined by EDX analysis in the TEM. The compositions of ten crystallites are plotted in a ternary phase diagram shown in Figure 3-9.   
 Figure 3-9 Ternary phase diagram showing the EDX compositional mapping of the samples with a La3Ga4.5Ti0.5SiO14.25 nominal composition. The cluster of  compositions studied represented by black filled squares gave an average value of La2.95(4)Ga4.72(6)Ti0.277(7)Si0.99(1)O14.27(3) that was approximated to La3Ga4.7Ti0.3SiO14.15 in which the sum of cations adds up to 9, for the sake of simplicity in the later discussion in 0. The composition of La3Ga4.7Ti0.3SiO14.15 is denoted in the phase diagram by a red cross.  
3.3.2.3.1.3 La3Ga5-xTixGeO14+x/2 
The syntheses of La3Ga5-xTixGeO14+x/2 members was first addressed by the solid-state reaction method showing promising results. A trend in the Pawley fit calculated lattice parameters was observed for ‘ ’ values as high as 0.8. However, other impurity phases such as La2Ti2O7 and LaGa0.87(3)Ge0.93(3)O4.7(1) were identified in the PXRD patterns. Due to the fact that mechanical milling of the precursors and intermediate mixtures of reactants did not get rid of the presence of impurities neither was able to decrease the temperature for the synthesis of La3Ga5-xTixGeO14+x/2, the Pechini method was carried out as an alternative route. The final temperature of the synthesis by Pechini was set to 750 °C and dwell for 12 hours. An increase in the synthetic temperature to 800 °C was precluded by the formation of a LaGa0.87Ge0.93O4.7 impurity. Phase pure La3Ga5-xTixGeO14+x/2 samples with  = 0.25, 0.5, 0.75 and 1 were synthesized at 750 °C and the trend in the lattice parameters calculated by Pawley is given in Figure 3-10. We then proceeded to determine the actual composition of the highest doped La3Ga4TiGeO14.5 (  = 1) by EDX. The ternary phase diagram for the compositional mapping of the EDX data collected in over 10 crystallites and its PXRD pattern are shown in Figure 3-11 a and b respectively.   
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 Figure 3-10 Vergard's law for La3Ga5-xTixGeO14+x/2 where  = 0, 0.25 and 0.5. In (a) the  lattice parameters are represented in black squares and  in red circles. In (b) the volume is represented in blue triangles.  
 Figure 3-11 (a) Compositional EDX mapping and (b) Rietveld refined PXRD data of the sample with nominal composition La3Ga4TiGeO14.5 synthesized by Pechini at 750 °C. In (a), the collected data is represented by black squares, whereas the averaged measured values of the two clusters round up to nine cations are denoted by a red cross (La3Ga4.4Ti0.6GeO14.3) and a green asterisk (La3Ga4.3Ti0.2Ge1.5O14.35).  The mapping of the EDX data evidence the higher compositional inhomogeneity shown by La3Ga5-xTixGeO14+x/2 when compared to the other compositions studied in this section. The Ti-richer compositional cluster in Figure 3-11(a) is formed by eight crystallites analysed whose compositions averaged to La3.03(6)Ga4.30(7)Ti0.57(5)Ge1.09(5)O14.33(3). Two out of ten crystallites analysed show a deviation from the majority cluster towards Ge-richer compositions. The averaged composition of this two deviated data points is La3.0(1)Ga4.3(1)Ti0.17(3)Ge1.6(1)O14.44(7)  which was rounded up to La3Ga4.3Ti0.2Ge1.5O14.35 represented by a green asterisk in Figure 3-11-a.  Although La3Ga4.4Ti0.6GeO14.3 could in principle be a good candidate for interstitial oxide ion conduction incorporating an acceptable 2.14 % of  , the high compositional inhomogeneity observed by EDX and the low temperatures (below 750 °C) that this system was restricted to are major disadvantages.  Due to these difficulties encountered on the processing of La3Ga5-xTixGeO14+/2 its study was discontinued and no conductivity data is reported on these systems.   
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3.3.2.3.1.4 La3Ga5-xSnxTiO14+x/2 
The La3Ga4.8Sn0.2TiO14.1 and La3Ga4.5Sn0.5TiO14.25 nominal compositions were synthesized by the solid-state reaction method at 1250 °C.  PXRD patterns of these samples were recorded and elemental analysis was performed by EDX mapping as shown in Figure 3-12.  
 Figure 3-12 EDX compositional study of La3Ga4.8Sn0.2TiO14.1 (a) and La3Ga4.5Sn0.5TiO14.25 (b) nominal compositions. The data collected is represented in black filled squares and the red crosses denote the averaged compositions rounded up to nine cations: La3Ga4.9Sn0.2Ti0.9O14.05 and La3Ga4.8Sn0.3Ti0.9O14.1 in (a) and (b) respectively.  The sample with a nominal composition of La3Ga4.8Sn0.2TiO14.1 (  = 0.2) gave an actual composition of La2.97(7)Ga4.9(1)Sn0.27(3)Ti0.88(7)O14.07(4) and La3Ga4.5Sn0.5TiO14.5 (  = 0.5) gave an actual composition of La2.94(5)Ga4.8(1)Ti0.88(9)Sn0.36(6)O14.12(6). Once again the M’4+ dopant was found to replace the host isovalent M4+. The presence of a La2M2O7 minority phase was identified in the PXRD pattern. However, in La3Ga5-xSnxTiO14+x/2 unlike in those systems 
studied lying within the ‘i’ category ~ 2 3  of the Sn4+ introduced into the main langasite phase are substituting Ga3+, thus introducing ~1.1 % of extra oxygen in La3Ga4.8Sn0.3Ti0.9O14.1 .   
 Figure 3-13 Trend in  (black circles) and  (red squares) lattice parameters (a) and cell volume (blue triangles) (b) in La3Ga5˗xSnxTiO14+x/2 as a function of the amount of interstitial oxide ions incorporated estimated by EDX (see Figure 3-12).   In Figure 3-13 above, the trend in the a and c lattice parameters (a) and cell volume (b) are plotted vs the amount of extra oxygen incorporated (~ /2). The amount of extra oxygen incorporated accounts for the actual ratio of cations determined by EDX, which followed a 
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linear trend with  and  lattice parameters increasing with the increase in /2 and an overall increase in the volume of the cell by ~3.5 Å3. 
3.3.3 Screening of the Conductivity  
Since the doping studies of La3Ga5MO14 are motivated by their potential application as electrolyte materials in solid-oxide fuel cells, conductivity measurements of doped langasites were performed. These tests served us to identify promising candidate materials. 
3.3.3.1 La2.5Ce0.5Ga5SiO14+δ 
To evaluate the effect of the cerium doping on the conductivity in   La2.5Ce0.5Ga5SiO14+δ, AC impedance spectroscopy were performed in 93 and 90 % dense ceramic discs of La2.5Ce0.5Ga5SiO14+δ and La3Ga5SiO14 respectively. The total conductivity was extracted from the complex impedance plot. The intercept of the recorded asymmetric semi-circular arc corresponded to the total resistivity ( +  ) of these system. The assignments of the conductivity were done based on the calculated corrected capacitance values of the order of ~10-11 F (see Figure 3-14-a and b for the complex impedance plots of 
 = 0.5 and 0). The measured values for total conductivity of La3Ga5SiO14 are in good agreement to those reported in ref.151.  Only a modest increase in conductivity was observed in La2.5Ce0.5Ga5SiO14+δ when compared to the parent phase from 0.31 ⨯ 10-4 to 1.39 ⨯ 10-4 S·cm-1 at 700 °C.  The small increase in conductivity could be motivated by the partial reduction of Ce4+ to Ce3+ during the course of the synthesis as suggested in 0.   
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 Figure 3-14. ( ) Complex impedance plots of La2.5Ce0.5Ga5SiO14+δ and ( ) La3Ga5SiO14 at 600 °C where the assignment of bulk, grain boundary (gb) and electrode responses were made with regards of their measured capacitances’ scales of 10˗11 F·cm-1. The Arrhenius plots of the conductivity of La2.5Ce0.5Ga5SiO14+δ in green and La3Ga5SiO14 in orange are shown in ( ), where the activation energies in eV are also given.   To ensure that the La2.5Ce0.5Ga5SiO14+δ pellet survived the conditions applied to the system in the AC impedance experiment, the pellets were ground and PXRD patterns of the powders were measured (see Figure 3-15). The Pawley fit refined lattice parameter in a 321 space group are as follows:  = 8.19614(4) Å,  = 4.91601(3) Å and 285.997(3) Å3, with the errors assigned to refined lattice parameters values being 1 ⨯ e.s.d, which compares to the before-measurement values reported in Figure 3-3. The post-measurement PXRD patterns revealed no presence of extra peaks that would indicate the decomposition of the pellet during the measurement.  
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 Figure 3-15 Pawley fit for La2.5Ce0.5Ga5SiO14+δ after impedance. The black solid line denotes the experimental data, red crosses designate the fit to the data, the blue line the fit between both, and the vertical lines are indicating the Bragg positions of the peaks. The refined fitting parameters are as follows: Rwp = 7.94, Rexp = 5.41 and S = 1.47. The PXRD pattern was recorded in PANanlytical X’pert Pro diffractometer 
equipped with a Co source ( , = .  Å). 
3.3.3.2 La3Ga5-xM’4+xMO14+x/2 
A total of six dense pellets (ρ ≥ 90 %) were prepared. Those with the aforementioned ‘’ compositions incorporating extra oxygen: La3Ga4.7Ge1.3O14.15, La3Ga4.7Ti1.3SiO14.15 and La3Ga4.8Sn0.3Ti0.9O14.1 and the parent materials:  La3Ga5GeO14, La3Ga5SiO14 and La3Ga5TiO14. The sintering temperatures and final densities achieved for each La3Ga5-xM’xMO14+x/2 system studied are given in Table 3-10.  Table 3-10 Sintering conditions and final densities of the La3Ga5˗xM’xMO14+x/2 specimens studied. 
System Temperature Topt (° ) 
Density (%) 
La3Ga4.7Ge1.3O14.15 1300 93 
La3Ga5GeO14 1275 92 
La3Ga4.7Ti1.3SiO14.15 1300 94 
La3Ga5SiO14 1250 90 
La3Ga4.8Sn0.3Ti0.9O14.1 1300 97 
La3Ga5TiO14 1300 97 
 The total conductivity values were extracted from the intercept of the arcs present in the complex impedance plane (see Figure 3-16). The type of response (bulk, grain boundary or electrode) was assigned based on the geometry-corrected capacitance values231. 
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 Figure 3-16 Complex impedance plots for (a) La3Ga4.7Ge1.3O14.15 at 600, 700 and 800 °C showing the Warburg arc characteristic of oxide-ion conductors, (b) for the insulating La3Ga5GeO14 parent material at 700 °C. Figures (c-e) show the complex impedance plots for La3Ga4.8Sn0.3Ti0.9O14.1, La3Ga5TiO14 and La3Ga4.7Ti0.3SiO14.15 at 700 °C. Refer to section 3.1 for the complex impedance plot of La3Ga5SiO14. The bold numbers denote the logarithm of the frequency of the adjacent points highlighted in red.  
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 Figure 3-17 Arrhenius plot of the total conductivity of doped La3Ga4.7Ge1.3O14.15, La3Ga4.7Ti0.3SiO14.15 and La3Ga4.8Ti0.9Sn0.3O14.15 and parent La3Ga5GeO14, La3Ga5SiO14 and La3Ga5TiO14 langasites. Activation energies in eV for every composition measured are specified near their compositions’ labels in the graph.   Figure 3-17 shows an increase in the total conductivity for all the doped compositions studied when compared to their respective un-doped materials. The greatest improvement in conductivity of two orders of magnitude is shown by La3Ga4.7Ge1.3O14.15 (~ 4.54 ⨯ 10˗4 S·cm-1 at 700 °C) with respect to the un-doped Ge-langasite (La3Ga5GeO14, ~8.76 ⨯ 10-7 S·cm-1). The second best improvement is observed for La3Ga4.7Ti0.3SiO14.15 having increased from 1.03 ⨯10-5 S·cm-1 in La3Ga5SiO14 up to 4.54 ⨯ 10-4 S·cm-1 at 700 °C.  Lastly, there was only a modest increase in the total conductivity by 40 %, of less than one order of magnitude from 1.15 ⨯ 10-5 to 1.61 ⨯ 10-5 S·cm-1 in La3Ga4.8Sn0.3Ti0.9O14.1 (see Table 3-11 for the comparative list of the measured total conductivity at 700 °C).  Table 3-11 Comparison of the total conductivity of La3Ga5˗xM’4+xMO14+x/2 doped systems  
Actual (EDX) composition %  Doped   at 700 °C (S·cm-1) Parent   at 700 °C (S·cm-1) 
La3Ga4.7Ge1.3O14.15 1.07 4.54 ⨯10-4 8.76 ⨯10-7 * 
La3Ga4.7Ti0.3SiO14.15 1.07 4.54 ⨯10-4 1.03 ⨯10-5 
La3Ga4.8Sn0.3Ti0.9O14.1 0.71 1.61 ⨯10-5 1.15 ⨯10-5 
* Extrapolated value  In addition to the increase in conductivity observed in doped langasites, the Warburg electrode response characteristic of oxide ionic conductivity was also present in the complex impedance plots of doped compositions (see Figure 3-16 ,  and ). In Figure 3-16-  the arcs at 600, 700 and 800 °C are represented for La3Ga4.7Ge1.3O14.15 and demonstrates how the Warburg electrode response becomes more dominant with the increase in temperature until it is found to collapse into a single semi-circular arc at 800 °C. 
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The total resistivity values are then extracted from the intercept of the arc with the -axis corresponding to the real part of the impedance, ’.   
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 Figure 3-18 Post measurement XRD Rietveld refinements of ( ) La3Ga4.7Ge1.3O14.15, ( ) La3Ga5GeO14, ( ) La3Ga4.7Ti0.3SiO14.15, ( ) La3Ga5SiO14, ( ) La3Ga4.8Sn0.3Ti0.9O14.1 and ( ) La3Ga5TiO14.  
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After AC impedance experiments were performed, the pellets were polished in order to remove the gold electrodes, ground and the post-measurement PXRD patterns were recorded to check the stability of the samples under the experimental conditions. The post measurement PXRDs given in Figure 3-18 revealed no presence of additional phases or change in composition of the main langasite phase after conductivity measurements were carried out. It should be noted that the 9 % of pyrochlore phase observed in Figure 3-18 for La3Ga4.8Sn0.3Ti0.9O14.1 was present in the sample before the AC impedance measurements were performed.  Table 3-12 Fitting and lattice parameters of the post-measurement Rietveld refined La3Ga5-xM’xMO14+x/2 and La3Ga5MO14 XRDs. Before-measurement lattice parameters can be consulted in Figure 3-7, Figure 3-8 and Figure 3-13. 
 La3Ga5GeO14 La3Ga4.7Ge1.3O14.15 La3Ga5SiO14 La3Ga4.6SiTi0.4O14.2 La3Ga5TiO14 La3Ga4.8Ti0.9Sn0.3O14.15 
Post-Measurement 
 15.79 12.81 13.24 20.32 21.7 16.12 
 2.01 1.88 1.70 1.76 1.57 1.78 
a (Å) 8.2045(1) 8.2150(1) 8.1695(6) 8.2269(3) 8.2270(1) 8.2488(2) 
c (Å) 5.1068(1) 5.0836(8) 5.0918(6) 5.0880(2) 5.1084(8) 5.1338(2) 
V(Å3) 297.71(1) 297.105(9) 294.306(6) 298.23(3) 299.430(9) 302.52(2) 
 Based on the promising conductivity results displayed by La3Ga4.7Ge1.3O14.15 our efforts were directed solely onto this system having the greatest potential amongst all explored compositions. 
3.3.4 Synthesis optimization: Obtaining phase pure . . .   Pechini. 
Once La3Ga5-xGe1+xO14+x/2 was identified as the most promising candidate, the syntheses of La3Ga5-xGe1+xO14+x/2 was approached by Pechini as an alternative route to the solid-state reaction method. In hopes to expand the extent of the solid solution to values  >  0.3, with = 0.3 being the doping limit encountered by the solid-state reaction method.   The formation of a langasite phase by Pechini was first observed at 700 °C (see Figure 3-19). This result constitutes a remarkable decrease of 500 °C in the synthetic temperature from 1200 °C in the solid-state reaction method. The synthetic temperature was optimized ( ) 
for every composition studied as the decomposition temperature ( ) in La3Ga5-
xGe1+xO14+x/2 is found to vary with the dopant content ‘ ’, being lower for the materials with a higher content in Ge.  
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 Figure 3-19 Investigation of the synthetic temperature conditions of La3Ga4.5Ge1.5O14.25 Pechini precursors after a 60 hours sintering at 600 °C (green), 12 hours sintering at 700 °C (blue)  and 12 hours sintering at 800 °C (red). The PXRD patterns were collected on a PANalytical X’pert Pro diffractometer with a Co-source 
( , = .  Å).  Figure 3-20 shows the decomposition temperature of La3Ga5-xGe1+xO14+x/2 vs the amount of dopant ‘ ’ incorporated for the range of compositions 0.4 ≤   ≤  1.5 . Decomposition temperatures were determined by the analysis of the PXRD patters after dwelling for 12 hours at each temperature studied.  Figure 3-20 shows an asymptotic decrease in the decomposition temperature in La3Ga5-xGe1+xO14+x/2 with the increase in ‘ ’. On the other hand, 0 ≤   ≤  0.3 compositions were stable at high temperatures ~1300 °C close to their melting point at ~1350 °C, and they are not represented in Figure 3-20. The higher stability of 0 ≤   ≤  0.3  doped compositions made them accessible by the traditional solid-state reaction method as previously reported in 0.   The synthetic temperature of samples with > 0.3  was subsequently lowered by 50 °C below  reported in Figure 3-19 in the newly developed Pechini route. 
La3Ga5˗xGe1+xO14+x/2 compositions with > 0.3 were phase pure after a single firing of the mixture of reactants and dwell for 12 hours at a temperature  below , so that 
=  − 50 °C.  
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 Figure 3-20 Decomposition temperature variation with  in La3Ga5-xGe1+xO14+x/2 for  = 0.4, 0.5, 0.6 1 and 1.5.  The evolution in  and  lattice parameters and the overall volume of the cell as a function of the dopant content ‘ ’ is shown in figure (Figure 3-21) within a 0 ≤   ≤ 1.5  solid solution range. Within this range of compositions, there is an increase in the  lattice parameter, decrease of  and an overall lessening of the volume of the cell by ~0.5 Å3 which supports the substitution of Ga3+ by Ge4+ with a smaller ionic radii239.  The cell parameters determined within the 0 ≤   ≤ 0.3 range of compositions are in good agreement with those values presented in 0 synthesized by the traditional solid-sate reaction method. 
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 Figure 3-21 (a) Observed trend in the refined a and c lattice parameters for La3Ga5-xGe1+xO14+x/2 vs ‘ ’, denoted by black squares and red circles respectively. (b) Change of the cell volume. (c) XRD patterns of La3Ga5-xGe1+xO14x/2 samples synthesized by Pechini measured in PANanalytical ( , = .  Å), this plot evidence a shift in the Bragg peaks with the change in compositions with no presence of peaks attributed to impurity phases.  Attempts to produce La3Ga5-xGe1+xO14+x/2 samples for  >  1.5, or increasing the annealing temperature above the  resulted in the formation of a minority impurity phase with 
the composition LaGa0.87(3)Ge0.98(3)O4.7(1) determined by elemental Energy Dispersive X-ray (EDX) analysis in the TEM (see page 81). Phase indexing of this unreported phase was hindered due to the low intensity peaks of this minority phase and the strong overlapping with those peaks of the main langasite phase. Due to a lack of success to form LaGa0.87(3)Ge0.98(3)O4.7(1) in a greater proportion no further characterization of the impurity was carried out and only the composition of this phase is reported in this study.   Figure 3-22 shows the XRD patterns measured on two samples that were originated from the same initial mixture of precursor with a La3Ga4.4Ge1.6O14.3 (  = 0.6) nominal composition 
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prepared by Pechini. After an intermediate firing at 600 °C, the initial batch of reactants was split in two and annealed for 12 hours below and above  = 1100  °C at 1000 °C and 
1300 °C. The PXRD pattern of La3Ga4.4Ge1.6O14.3 (  = 0.6)  sintered at 1000 °C revealed the formation of a single phase langasite with no presence of unassigned peaks (see Figure 3-22). On the contrary, the same  = 0.6 precursor powder annealed above   at 
1300 °C resulted in the formation of a lower-doped langasite majority phase and impurities. The phases related peaks are denoted by asterisks in Figure 3-22. The EDX analysis of this later impurity-rich sample ultimately allowed for the identification of LaGa0.87(3)Ge0.98(3)O4.7(1) as the composition of the more predominant impurity phase (see Figure 3-23- ). The majority langasite phase in this sample show a large compositional inhomogeneity averaged to La3.0(2)Ga4.5(5)Ge1.5(4)O4.2(2). In Figure 3-23-  the composition of the ‘oxygen saturated langasite’ La3GaGe5O16 (denoted by a green triangle) is plotted along with the spotted phases (denoted by black squares) to account for the fact that the LaGa0.87(3)Ge0.93(3)O4.7(1) impurity, which is not reported in the literature, is located in an equidistant point to both La3GaGe5O16 and La3GaGe5O14 compositions.  
 Figure 3-22 PXRD patterns of two samples with  the La3Ga4.4Ge1.6O14.3 nominal compositions synthesized by Pechini and annealed at 1300 °C for 12 hours above its  (red) and below  at 1000 °C (black). The asterisks denote extra peaks 
attributed to impurity phases.  The ternary phase diagram in Figure 3-23-  shows a more homogeneous cluster matching the nominal composition of = 0.5 in a sample synthesized by Pechini at 1000 °C for 12 hours and SPS-sintered at 1100 °C for 5 min at 50 MPa. The conductivity of this sample is discussed in section 4.2.2 entitled ‘Evaluation of the conductivity by AC impedance’. Plots −  show the EDX analysis of samples with  = 0, 1 and 1.5 nominal compositions (denoted by a red cross) prepared  Pechini and sintered at 1200, 850 and 800 °C respectively. The averaged analysed compositions in −  are as follows:  La3.02(6)Ga4.55(5)Ge1.43(4)O14.21(2), La2.93(4)Ga4.05(3)Ge2.01(4)O14.51(2) and La3.04(7)Ga3.50(6)Ge2.47(6)O14.73(3) respectively. These samples were characterized by NPD and NMR and these experiments are further discussed in Chapter 4.  
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 Figure 3-23 EDX analysis of langasites synthesized by Pechini: ( ) sample with a =.  nominal composition annealed at 1300 °C for 12 hours, ( ) La3Ga4.5Ge1.5O14.25 annealed at 1000 °C for 12 hours and SPS-sintered at 1100 °C for 5 min at 50 MPa and ( − )  = 0, 1 and 1.5 nominal compositions sintered at 1200, 850 and 800 °C respectively. Nominal compositions are denoted by red crosses and the spotted phases by black squares. In ( ) the ‘oxygen saturated La3GaGe5O16 langasite’ is denoted by a green triangle and La3Ga5GeO14 by a blue circle.   
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Table 3-13 Summary table of the actual EDX averaged compositions analysed 
Nominal Targeted Compositions Actual (EDX) Compositions 
(a) La3Ga4.4Ge1.6O14.3 La3.0(2)Ga4.5(5)Ge1.5(4)O14.2(2) + LaGa0.87(3)Ge0.93(3)O4.7(1) 
(b) La3Ga4.5Ge1.5O14.25 La3.02(6)Ga4.55(5)Ge1.43(4)O14.21(2) 
(c) La3Ga5GeO14 La2.99(7)Ga4.98(5)Ge1.03(6)O14.01(3) 
(d) La3Ga4Ge2O14.5 La2.93(4)Ga4.05(3)Ge2.01(4)O14.51(2) 
(e) La3Ga3.5Ge2.5O14.75 La3.04(7)Ga3.50(6)Ge2.47(6)O14.73(3) 
 In order to properly asses the introduction of extra oxygen into the langasite an extensive analysis of the elemental compositions of the doped synthesized phases was carried out by Energy Energy dispersive X-Ray analysis (EDX) in the transmission electron microscope (TEM). Dozens of particles for each doped compositions ( − ) were analysed and the data is mapped in the ternary phase diagrams introduced in Figure 3-23. For the convenience of the reader, a summary table correlating both nominal and EDX averaged compositions is given (see Table 3-13). Samples −  were annealed below its decomposition temperature (see Figure 3-20) and the EDX and target compositions are in good agreement with the biggest deviation of the EDX composition from the nominal composition is of a negligible ~0.2 %. The elemental analysis in the TEM for La3Ga5˗xGe1+xO14+x/2 compositions presented here thus demonstrates the successfully substitution of Ga for Ge at the desired ratio by the Pechini method.  
3.4 Summary and Conclusion 
During the whole of this chapter the synthetic exploration work carried out on over thirty doping approaches involving La3Ga5MO14 with a langasite structure where M could be Si, Ge, Ti, Sn, Hf and Zr were presented. Amongst the compositions explored by the solid-state reaction method: La2.5Ce0.5Ga5GeO14.25, La3Ga4.7Ge1.3O14.15, La3Ga4.6SiTi0.4O14.2 and La3Ga4.8Sn0.3Ti0.9O14.1 were able to accommodate a modest amount of interstitial oxides (0.71-1.79 %). A preliminary screening of their conductivity identified La3Ga5-xGe1+xO14+x/2 as the most promising candidate showing an increase in conductivity of over two orders of magnitude from ~8.76 ⨯ 10-7 S·cm- in La3Ga5GeO14  to ~4.54 ⨯ 10-4 S·cm-1 in La3Ga4.7Ge1.3O14.15 (  = 0.3) at 700 °C.   The next logical step once the search for a good candidate was narrowed to La3Ga5˗xGe1+xO14+x/2 was to endeavour to approach the synthesis of these materials by an alternative route to solid-state reaction method in hopes to expand the solid solution regime and consequently the conductivity. The Pechini method lowered the formation of La3Ga5˗xGe1+xO14+x/2 by 500 °C from the solid-state reaction method. This allowed to times by five the amount of dopant incorporated into the structure ‘ ’ from 0.3 (% ~1.07) in the 
solid-state reaction method up to  = 1.5 (% ~5.36).  Such % achieved by Pecihini is 
higher than the reported values in doped apatites and melilites structures (3.86 and 5.57 % respectively). This result demonstrates an outstanding flexibility shown by the La3Ga5GeO14 langasite structure for the accommodation of interstitial oxide ions. 
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4 INTERSTITIAL OXIDE ION 
CONDUCTION IN THE 
ALIOVALENTLY DOPED 
 
MEDIATED  A 
 UNIT 
This chapter describes the structural and conductivity characterization of doped La3Ga5˗xGe1+xO14+x/2 compositions. The determination of the location of the extra oxygen introduced by doping and the induced local deformation was possible by the combined use of Solid-State 17O and 71Ga Nuclear Magnetic Resonance (NMR) techniques, high-resolution Neutron Powder Diffraction (NPD) and Density Functional Theory (DFT) calculations. The conductivity was determined by means of AC impedance spectroscopy and the mobility of the extra oxygen is also discussed in this chapter.   
4.1 Experimental Methods 
4.1.1 XRD and NPD 
Powder neutron diffraction data was collected in the High Resolution Powder Diffraction instrument (HRPD) in ISIS, UK. The La3Ga3.5Ge2.5O14.75 data presented in this thesis was collected at 9, 297, 473, 673 and 873 K, La3Ga4Ge2O14.5 at 11 and 297 K and La3Ga5GeO14 at 297 K. A closed-cycle refrigerator was used for the collection of data at 9 and 11 K 
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whereas an in situ furnace was employed for higher temperatures. Structural Rietveld refinement was performed with TOPAS refinement software200.  X-ray powder diffraction patterns were collected in a PANalytical X’pert Pro diffractometer 
with a Co-source ( , = 1.7890 Å) to corroborate the phase purity of the samples studied after undergoing sintering and conductivity experiments. The Rietveld refinement and Pawley fittings of the PANalytical data were also performed with TOPAS200. 
4.1.2 DFT calculations 
Periodic plane-wave DFT calculations were performed using the VASP244 and Castep245 packages. Initial structural relaxations with VASP were run in a 2 × 2 × 2 supercell of the parent La3Ga5GeO14 cell, with a 2 × 2 × 3 k-point grid. Cell parameters and atomic positions were optimized until all atomic forces were below 0.01 eV/Å, using the PBE functional246, projector augmented-wave potentials247, and a plane-wave cut-off energy of 600 eV. Calculation of NMR parameters was carried out using GIPAW248-250 as implemented in Castep, after structures had been re-optimized with the same functional and cut-offs as those used with VASP, and using pseudo-potentials automatically generated on-the-fly by Castep. The DFT calculations were performed by Dr Matthew Dyer. 
4.1.3 Solid-State NMR Spectroscopy 
The NMR data acquisition and analysis presented in this thesis was carried out by Dr Frederic Blanc. 
4.1.3.1 17O NMR 
Oxygen 17O isotope enrichment was performed in as prepared La3Ga5-xGe1+xO14+x/2 samples with  = 0, 0.5, 1 and 1.5 following the post synthesis oxygen exchange protocol in ref. 251 consisting of heating the samples in a sealed Pyrex tube under 60 % 17O enriched O2 gas (Isotec) at 750 °C for 24 hours using a heating-cooling rate of 5 ° min-1.  
17O NMR experiments were carried out on 9.4 T Bruker Advance III 400 MHz spectrometer using a Bruker triple resonance 4 mm HXY (in double resonance mode) tuned to X = 17O at  =  54.25  and spinning the samples at a MAS rate of =  14 , and on a 20 T Bruker Advance II 850 MHz spectrometer using a Bruker triple resonance 3.2 mm HXY (in double resonance mode) tuned to X = 17O at  =  115.28  and spinning the samples at a MAS rate of =  22 . Rotor synchronized Hahn echo experiments were carried out with one rotor period using a pulse length π/2 = 1 μs at a rf field amplitude of =  83  and a recycle delay of 1 s. Two-dimensional triple-quantum MAS experiments252,253 were performed at 9.4 T using a z-filter pulse sequence.254 Hard and soft pulses were performed at rf field amplitudes of 83 kHz and 10 kHz, respectively. The experimental 17O isotropic chemical shifts ,  were obtained from the 3QMAS z-filter data. The 17O quadrupolar coupling constant CQ and asymmetry parameters Q255, are obtained from fitting the ridge line shapes and checked to be in agreement with the PQ obtained independently from the 2 and 1 positions256. 
4.1.3.2 71Ga NMR 
71Ga NMR experiments were performed on a 20 T Bruker Advance II 850 MHz spectrometer using a Bruker triple resonance 1.3 mm HXY (in double resonance mode) for fast MAS experiments at =  65  and a Bruker triple resonance 3.2 mm HXY (in double resonance mode) for static experiments tuned to X = 71Ga at  =  259.3 . One-
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dimensional MAS NMR spectra were recorded using a rotor-synchronized (1 period) Hahn echo sequence with selective pulses (π/2 pulse length of 4 μs) at a radio-frequency (rf) field amplitude of  =  16 . A double-frequency sweep (DFS)257 pulse of 2 ms from 800 to 200 kHz at a rf field amplitude of 15 kHz giving an optimum signal enhancement of 2 was used for all MAS experiments. One-dimensional static NMR spectra were obtained with QCPMG acquisition with 3000 echos and 204 points per echo. A recycle delay of 2 s, sufficient to obtain quantitative data, was used for all 71Ga experiments.  The 71Ga and 17O chemical shifts were externally referenced to a 1M solution of Ga(NO3)3 in water and to water respectively, all at 0.0 ppm. NMR data were processed and simulated using the Bruker Topspin package. 
4.1.4 Sintering of doped La3Ga5-xGe1+xO14+x/2 
Dense specimens for impedance measurements with > 80 %  of the theoretical density were prepared by annealing at 1275 °C for 24 hours for La3Ga5-xGe1+xO14+x/2 with 0 ≤   ≤ 0.2. For the intermediate 0.3 ≤   ≤  0.7 region, dense pellets were prepared by Spark Plasma Sintering (SPS) using a 200 ° min-1 heating rate, at 1000-1100 °C hold for 4-5 min with an applied pressure of 50 MPa. All SPS-sintered samples were mechanically milled prior to their sintering. Powders were combined with eight ø = 10 mm sized balls of zirconia in a ø = 40 mm zirconia pot at a rotation speed of 350 rpm for 15 cycles operating with direction reversal and a 10 min pause time after each 15 min cycle. 2.5-6 g of fine milled powders were pressed in a 20 mm Outside Diameter (OD) and 40 mm tall graphite die. Alternatively, the SPS sintering of highly doped La3Ga5-xGe1+xO14+x/2 compositions with  = 1 and 1.5 was carried out in a double acting WC die185  at a pressure of 550 MPa which allowed to decrease the sintering temperature down to the synthetic temperatures of 850 and 800 °C for  = 1 and 1.5 respectively. The sintering temperatures were dwelled for 5 min and a heating and cooling rate of 200° min-1 was used. In this smaller double acting die with a 5 mm OD and 12 mm length, the amount of powder was reduced to 1.5 g. All SPS experiments were conducted under vacuum in a Sumitomo Coal SPS-1050 SPS apparatus able to exert a maximum load of 100 kN and produce a pulsed current as high as 5 kA for an applied voltage of 10 V. Rapid pulses of 3 ms in length were used with a pattern of 12:2 on and off pulses. After undergoing SPS-sintering, the graphite contaminated specimens were heated at 700 °C for 60 hours under flowing oxygen. The complete removal of graphite was verified by CHN analysis.  Two compositions La3Ga4Ge2O14.5 (  = 1) and La3Ga3.5Ge2.5O14.75 (  = 1.5) were sintered by Hot Isostatic Pressing (HIP). These powders were encapsulated in ⌀ = 8 mm and 10 mm long Ag cans under vacuum. Sealed Ag cans were HIPed in an ASEA QIH-3 hot isostatic press using a molybdenum furnace and ultra-high purity argon. The HIP cycle consisted of the application of a pressure of 300 MPa for eight hours with simultaneous heating of the samples at their synthetic temperatures: 850 °C for La3Ga4Ge2O14.5 and 800 °C for La3Ga3.5Ge2.5O14.75. HIP experiments were carried out by Michael Gaultois. 
4.1.5 Conductivity 
The electrical properties of the materials studied here have been determined by means of AC Impedance spectroscopy using an Agilent E4980 LCR meter over the 20 Hz - 2 MHz frequency range using 300 mV perturbation voltage and a Solartron 1255B Frequency response analyzer coupled to a Solartron 1287 electrochemical interface and a 1296 Dielectric + FRA equipment over the 100 mHz - 1 MHz frequency range, using the same perturbation voltage of 300 mV. The measurements were carried out using compressed dry air at an interval of temperatures ranging from 350 to 1000 °C. Gold wires were attached 
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with gold paste to perform as electrodes after undergoing a heating treatment at ~625 °C for 5 hours. The La3Ga4.5Ge1.5O14.25 -dependence with the conductivity at 10˗15 ˗ 1 atm  was evaluated at 400, 500, 600 and 800 °C by a controlled mixing of Ar, O2, CO and CO2 in different ratios. The partial oxygen pressure was monitored by an YSZ potentiometric sensor and equilibration of the samples with the gas environment was ensured at each data point collected by the dwelling of gases for several hours.   HIP-sintered La3Ga4Ge2O14.5 (  = 1) and SPS sintered La3Ga4.65Ge1.35O14.175 (  = 0.35), La3Ga4.5Ge1.5O14.25 (  = 0.5), La3Ga4.45Ge1.55O14.275 (  = 0.55) and La3Ga4.3Ge1.7O14.35 (  = 0.7) were coated with a thin layer of gold and analysed by Scanning Electron Microscopy (SEM) in a Hitachi S-4800.   The possibility of proton conduction was investigated in La3Ga5GeO14 by Thermal Gravimetric Analysis (TGA) in a TA Instruments Q600 thermal analyser. ~100 mg of powders were heated up to 1000 °C in an alumina crucible at a rate of 3° min-1 with a gas flow rate of 50 ml/min (compressed air, BOC). The instrument was calibrated using ZrO2 as the standard material. 
4.2 Results and discussion 
4.2.1 Structural characterization 
Although challenging, as diffraction is a technique that works for long range order and interstitials are disordered sites with a low occupancy, NPD has proven very valuable to probe the location of interstitial oxides61,119,129,130,144. In this thesis, high-resolution NPD studies of La3Ga5GeO14 (  = 0), La3Ga4Ge2O14.5 (  = 1) and La3Ga3.5Ge2.5O14.75 (  = 1.5) were undertaken in order to locate the interstitial oxygen and induced local deformation on the neighbouring sites. Moreover, for the doped compositions La3Ga4Ge2O14.5 (  = 1) and La3Ga3.5Ge2.5O14.75 (  = 1.5) the data was acquired at very low temperatures of 11 and 9 K respectively so as to get minimal complication from the thermal displacement of the atoms. Additionally, data at the higher temperatures of 200, 400 and 600 °C was collected for La3Ga3.5Ge2.5O14.75 (  = 1.5), which allowed us to corroborate the consistency of the proposed model throughout a wider temperature frame, also closer to the operating conditions of a SOFC.   The presence of additional oxygen is manifest in the nuclear scattering density map of    La3Ga3.5Ge2.5O14.75 (shown in Figure 4-1) by the presence of unassigned scattering density in the vicinity of the 6-membered tunnels displaced towards the C and D tetrahedral sites. Figure 4-1 depicts highly disordered scattering density attributed to various new oxygen sites rather than a well-defined sole interstitial site. Further extra scattering density around other atomic sites is attributable to positional disorder associated with the local structural relaxation required to accommodate the oxygen excess.  
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 Figure 4-1 Crystallographic identification of interstitial oxide sites in La3Ga3.5Ge2.5O14.75 (  = 1.5) at 9 K. The atoms in La3Ga5GeO14 (  = 0)  are overlaid onto the Maximum Entropy Map (MEM) of the unit cell viewed along [001]. The A site occupied by La is given in cyan, B in green, C in violet and D in yellow. The three framework oxygen sites are O3 in red, O2 in magenta and O1 in orange. The yellow surfaces represent regions of positive scattering density calculated by MEM. Note that there are some positions which do not correspond to the sites in the parent phase, which are due to interstitial oxide ions. 
4.2.1.1 DFT model 
To overcome the challenging task of refining the atomic coordinates of disordered low occupancy oxide positions inducing local strain, a DFT averaged   model   approach was carried out. This approach provides us with a suitable model to use as a starting point for the refinement.  2 × 2 × 2  supercells with the La3Ga4Ge2O14.5 (  = 1)  composition were constructed, with additional oxide ions placed at locations of high nuclear scattering density, and their geometries relaxed with density functional theory (DFT). The lowest energy 2 × 2 × 2  DFT calculated supercell (Figure 4-2 ) was collapsed into a 1 × 1 × 1 321 cell to use as a starting point in the Rietveld refinement of the HRPD data. In the 2 ×2 × 2 supercell shown in Figure 4-2 , the extra oxygen is found in the 6-membered channels, coordinated to both C and D sites forming an edge-sharing M2O8 unit.   The predicted energetically favourable location of the extra oxygen incorporated by doping within M2O8 (coloured in grey in Figure 4-2 ) is found in an existing material with the formula: La3GaGe5O16258 (Figure 4-2  and ), which we refer to as the oxygen saturated langasite. Along the -axis (Figure 4-2- ), the oxygen saturated langasite (La3GaGe5O16) with a 1  space group can be seen as the stacking of large La cations and octahedra with alternating layers of 4 and 3-connected tetrahedra (plotted in yellow and violet respectively) and two pseudo square based pyramid Ge polyhedra sharing one edge (Ge2O8, in grey). The bond lengths and angles of this Ge2O8 unit present in La3GaGe5O16 are given in Appendix 5. The view along the -direction in Figure 4-2-  reveals the presence of two types of channels: a 6-membered channel analogous to that of langasites containing one La and a ‘collapsed’ channel with 2 La sites (the new A’ sites are coloured in a darker shade of blue for distinction). The collapsed channels are formed as a consequence of the displacement of the 3-connected D tetrahedral site across the channel to form a Ge2O8 unit with a former tetrahedral D site. As a consequence of the displacement of these tetrahedra, the two former 4-connected C sites bridged by this D site are now 3-connected (hence coloured in yellow). The formula of La3GaGe5O16 can be expressed as AA’2BCD2E2O16 where A’ and E account for the newly arisen A and five-coordinated sites respectively.     
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 Figure 4-2 View of the La3Ga4Ge2O14.5 × ×  DFT calculated supercell along [100] ( ). The × ×  top ( ) and bottom ( ) layers of interconnected polyhedra are plotted separately along the [001] direction to avoid the overlapping of the 5˗coordinated (grey) sites with the 2d and 3f sites. The ‘oxygen saturated langasite’ with the formula La3GaGe5O16 and space group  (No. 2) is shown along [100] in ( ) and along the [010] direction in ( ). The La cations lying in the merged channels are denoted in navy for distinction.  Overall, to account for the formation of the Ge2O8 pairs the collapsed 321 introduces three new oxygen crystallographic sites namely O4-O6 (See Figure 4-5 introduced later on in this chapter when the refined model is presented in 4.2.1.2). All bond lengths and distances involved in the four Ge2O8 local environments predicted in the 2 ⨯ 2 ⨯ 2  La3Ga4Ge2O14.5 supercell as well as the averaged Ge2O8 environment in the collapsed 321 cell used as the starting point of the refinement are given in the Appendix 5. 
4.2.1.2 Locating the  by high-resolution NPD 
This section deals with the validation of the DFT averaged-model as the most suitable starting model for the refinement of high-resolution NPD diffraction data of doped langasites. A summary of the step-by step refinement strategy followed for the attainment of the final model is presented.  The possibility of the lowering of the symmetry of the cell upon doping was tested by performing a Pawley fitting of the NPD data in the space groups 321 and 1. The goodness of fit for these fittings are compared in Table 4-1. Although there was a great improvement in the graphical fits as 1 added many Bragg reflections, the goodness of fits are worse, as 1  also decreased  significantly, while decreasing  not as much and 321  was 
retained for Rietveld refinement. For all compositions at all the temperatures studied, the best fit of the data was obtained for a 321 space group and no symmetry changes were observed in the aforementioned temperature range from 9 to 873 K (see Table 4-1 for fitting errors and Appendix 3 for a graphic representation of the Pawley fits).  
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Table 4-1Comparison of the ,  and  parameters for the Pawley fitting of  
La3Ga5GeO14, La3Ga4Ge2O14.5 and La3Ga3.5Ge2.5O14.75 at the temperatures specified in  and  space groups. 
Composition Temperature (K) HPRD d-spacing 
  
      
La3Ga5GeO14 297 
0.8-2.6 (b1) 0.8-3.7 (b2) 2.6-7.9 (b3) 
2.032 1.138 1.751 1.240 1.786 1.412 
La3Ga4Ge2O14.5 
11 0.6-2.6 (b1) 0.8-3.9(b2) 2.5-8.7(b3) 
1.837 1.911 1.571 2.067 0.961 0.760 
297 0.6-2.6 (b1) 0.8-3.9(b2) 2.5-8.7(b3) 
2.435 1.375 2.038 1.457 1.771 1.399 
La3Ga3.5Ge2.5O14.75 
9 0.5-2.2 (b1) 0.7-3.3 (b2) 1.1-8.7 (b3) 
1.363 2.034 1.020 3.019 0.670 0.338 
297 0.5-2.2 (b1) 0.7-3.3 (b2) 1.1-8.7 (b3) 
1.854 1.829 1.271 1.889 1.014 0.673 
473 0.5-2.2 (b1) 0.7-3.3 (b2) 1.1-8.7 (b3) 
1.293 1.824 1.294 2.761 0.709 0.469 
673 0.5-2.2 (b1) 0.7-3.3 (b2) 1.1-8.7 (b3) 
1.553 1.690  
1.467 1.778  0.919 0.825 
873 0.5-2.2 (b1) 0.7-3.3 (b2) 1.1-8.7 (b3) 
1.230 
1.509 
1.715 2.352  0.815 0.729  
 To test the veracity of the DFT averaged model approach, the evolution of the goodness of fit ‘ ’or chi ‘χ’ fitting parameters at different stages of the Rietveld refinement were tracked and summarized in Table 4-2, where the comparison between the Pawley fit and the refinement of the neutron data using the parent model as a starting point are also given. The Pawley fitting of the data into a 321 space group set the ‘best possible’ fitting parameters which allowed us to assess the goodness of the refined models.    The Rietveld refinements of two possible models were initially attempted: the parent La3Ga5GeO14 model and the collapsed DFT averaged 321 cell were used as shown in Figure 4-4. The two approaches to the refinement lead to different outcomes for the parent La3Ga5GeO14 and doped La3Ga4Ge2O14.5 and La3Ga3.5Ge2.5O14.75 langasites. The attempt to refine the undoped La3Ga5GeO14  with the averaged DFT cell as a starting point failed as it revealed no presence of extra oxygen sites represented in the predicted model (as expected), leading to nonphysical occupancies and thermal parameters of these sites. Thus the refinement of the undoped La3Ga5GeO14 langasite was stopped at the parent model stage.   When using the parent La3Ga5GeO14 langasite as the initial model for the Rietveld refinement of La3Ga4Ge2O14.5 and La3Ga3.5Ge2.5O14.75 NPD data, the framework structure of non-electroneutral La3Ga4Ge2O14 and La3Ga3.5Ge2.5O14 compositions were refined at first leading to a poor visual fit of the data (see Figure 4-3- ). The refinement of the framework 
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structure was followed by the inclusion of extra oxygen into a general position to account for the presence of the interstitial. This extra oxygen was located in the middle of the 6˗membered rings within the layer of tetrahedra where the interstitial oxygen lies in the melilite structure. When refined, the atomic positions for the new oxygen site moved away from the centre of the channel into the vicinity of C and D tetrahedral sites. Attempts to split the neighbouring sites (C, D, La, and O1-O3) to pinpoint the local relaxation around the interstitial failed to describe a local environment with suitable O-O distances ( =
1.2 Å). It was therefore concluded that the inclusion of a single interstitial site was not sufficient to probe the relaxation of the local environment in doped langasites.  
 Figure 4-3 NPD Rietveld refinement of La3Ge3.5Ge2.5O14.75 at 9 K using two different approaches: ( ) parent model ( = . , = .   and = . ) and ( ) 
the initial refinement  a DFT model ( = . , = .  and  = . ). 
Top figures account for the backscattering bank (b1) and the bottom figures for the detector at 90° (b2).  An initial Rietveld refinement  an averaged DFT model lowered the goodness by ~10 % from 2.249 to 2.052 in La3Ga4Ge2O14.5 (  = 1) at 11 K and by a higher ~20-30 % from 3.425 to 2.757 in La3Ga3.5Ge2.5O14.75 9 K with respect to the former parent model (see Table 4-2). Due to this improvement on the goodness of fit obtained by the DFT averaged model and the fact that the calculated position of the extra oxygen sites also matched the extra intensity observed in the nuclear scattering map shown in Figure 4-1, this model was retained for further refinement.  Figure 4-3 accounts for the Rietveld refinement of La3Ga3.5Ge2.5O14.75 (  = 1.5) at 9 K using these two approaches. Two different -spacing ranges are shown in the banks with the highest resolution 1.6-2.2 Å in bank 1 and 2.2-3.2 Å in bank 2. This figure demonstrates bigger mismatches between the calculated and observed peaks for the parent model approach in comparison with the DFT model approach.  
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 Figure 4-4 Flow-chart showing the refinement steps of the two different refinement strategies undertaken in this work.  
refinement Strategies
Parent Model Averaged DFT Model
Starting point:
non-electroneutral La3Ga5-xGe1+xO14composition (parent model) with no 
Inclusion of a in the centre of the rings
Starting point:
Collapsed DFT supercell into a  cell (includes 3 new oxygen sites)
Restrain O2-related occupancies
Final ModelProbe ’s local environment by split-site approach 
Unphysical O-O distances
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Table 4-2 Evolution of  values chart for the refinement of the different La3Ga5˗xGe1+xO14+x/2 compositions studied at various temperatures ranging from 9 to 873 K. 
  .  . . .  297 K 11 K 297 K 9 K 297 K 473 K 679 K 873 K 
Pawley fit 1.138 1.911 1.375 2.034 1.829 1.824 1.497 1.509 
↓ ↓ ↓ ↓ 




Original DFT Averaged model 2.052 1.622 2.757 2.460 2.209 1.643 1.614 
↓        
occO5 = 3occO6 2.034 1.543 2.544 2.221 1.972 1.444 1.554 
↓        
Restrain O2-related occupancies 2.029 1.538 2.527 2.201 1.949 1.429 1.532 
↓        
Final model 2.021 1.524 2.516 2.187 1.936 1.421 1.485 
 A polyhedral representation of the final model for La3Ga3.5Ge2.5O14.75 at 9 K is given in Figure 4-5, which introduces six Ge2O8 environments found in a La3Ga3.5Ge2.5O14.75 2 × 2 × 2 supercell. Additionally, a 2 × 2 × 1 section of the La3Ga3.5Ge2.5O14.75 supercell along the -axis is given in ( ) in order to avoid the overlapping of different types of polyhedral along this direction. In Figure 4-5 the six oxygen sites (framework O1-O3 sites and new O4-O6 sites) are plotted in different shades of red for distinction. The sites named O4 and O6 are the two edge sharing oxygen sites in Ge2O8. In the later discussion of the refined model we referred to O6 as the incorporated extra oxygen as it is located closer to the La site in the centre of the channel (See view of the refined La3Ga3.5Ge2.5O14.75 model at 9 K along the -axis in Figure 4-5-  where O6 is depicted in maroon). O4 located at the opposite end of the edge in Ge2O8, is referred as ‘displaced O2’. O4 accounts for the displacement of O2 bridging the C and D sites adjacent to O6 over 1 Å apart from its original position, away from the interstitial site. From the DFT model an expected ratio of 1:1 between O6 and O4 at the Ge2O8’s edge is expected. The preliminary refinement of the DFT model showed a good agreement to the expected 1:1 ratio between O4 and O6 sites. Moreover, the refined occupancies for these sites were also in good agreement with the expected values of 1/8 in La3Ga3.5Ge2.5O14.75 and 1/12 in La3Ga4Ge2O14.5.   In the original DFT model, the incorporation of O6 into a Ge2O8 pair entails the relaxation of one O2 oxygen per Ge2O8 binding the tetrahedral C site into the new crystallographic site O5 (plotted in pale pink in Figure 4-2). O5 moves away from the interstitial which opens up 
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the O5-D-O6 angle to ~80°. The preliminary refinement showed a much higher occupancy of O5 than originally suggested by the DFT model, indicating that a greater number of O2 framework sites were relaxed in order to accommodate the Ge2O8 unit. This number was round to three times the predicted value ( . .  occO5 = 3occO6) as suggested from the refined value. Presumably, two O5 bind the D (yellow) metal centre and the third O5 site binds the C metal centre (in violet) as pointed out by the original DFT model. The goodness of fit between the two models with occO5 = occO6 (original DFT model) and occO5 = 3occO6 were compared to clarify whether further split of the O2 site was actually needed. Besides the different occupancies of O5, there were no significant differences between the two models showing few structural changes in terms of bond lengths and angles between the refined and calculated Ge2O8 unit. The refinement of the occO5 = 3occO6 model show better goodness of fit and was therefore retained for further refinement ( . .  there is an improvement in  from 2.757 to 2.545 for the 9 K data set of La3Ga3.5Ge2.5O14.75, see Table 4-2).  The next step of the refinement involved the constraint of the fractional occupancies of O2, O4, O5 and O6 to their expected ratios ( . .  O2 = 1-4occO6, occO5 = 3occO6 and occO4 = occO6). The occupancies of O1 and O3 gave values close to unity in the initial refinement and were fixed to 1. Additional constraints regarding the occupancies of Ga and Ge were also introduced so as to match the sum of Ga and Ge on each site to add up to 1 ( . . for a given x site the occupation of Gex was constrained to be equal to 1-Gax). Moreover, the total Ge content was constrained in the refinement so as to match the calculated oxygen content in order to attain charge neutrality in the refined composition. Once constraints were applied all the thermal parameters were described anisotropically (ADPs) with the exception of the O2-related sites: O4, O5 and O6, whose thermal parameters  were 
constrained as identical.   
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 Figure 4-5 Polyhedral representation of the × ×  Rietveld refined La3Ga3.5Ge2.5O14.75 structure using HRPD bank 1 (168°) and 2 (90°) data collected at 9 K. The × ×  along [100] in ( ) was split in two × ×  top ( ) and bottom ( ) layers. The same colour scheme as Figure 4-2 (see page 88) and Figure 1-11 (see page 17) is used as well as 3 different shades of red for the new oxygen sites: mahogany for the displaced O2 (O4) site, pale pink for the split O2 site (O5) and maroon for the incorporated extra oxygen (O6).  The final step of the refinement involved the removal of O2-related occupancy constraints that were set for O2 and O4-O6. This was followed by the refinement of anisotropic thermal parameters for O2 and O5 which have high enough occupancies (~0.5 and 0.35 respectively vs an occupancy of ~0.115 for O4 and O6 for La3Ga3.5Ge2.5O14.75) to have meaningful ADPs.   In the combined bank 1-3 HRPD Rietveld refined model of La3Ga3.5Ge2.5O14.75 at 9 K shown in Figure 4-5, the refined oxygen occupancies match the expected values pointing at the success of the DFT averaged model which predicted the presence of extra oxygen mediated  a Ge2O8 unit. This oxygen ratio is also maintained for the La3Ga4Ge2O14.5 composition studied and other temperatures evaluated introduced later on in this chapter in 4.2.1.4. A summary of the refined total oxygen content in the final models is introduced in Table 4-3. The total oxygen content is slightly over estimated in La3Ga3.5Ge2.5O14.75, although close to the expected value of  ~14.75. Final structural parameters and fit of the calculated final model to the actual data are given in Appendix 4.   
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Table 4-3 Refined oxygen occupancies in the final models 
 Temperature (K) O2 O4 O5 O6  
La3Ga5GeO14 297 0.982(3)  13.89(3) 
La3Ga4Ge2O14.5 11 0.660(4) 0.083(1) 0.261(4) 0.089(2) 14.56(7) 297 0.646(2) 0.085(1) 0.262(2) 0.084(2) 14.46(4) 
La3Ga3.5Ge2.5O1414.75 
9 0.666(3) 0.120(2) 0.247(4) 0.123(1) 14.94(6) 
297 0.570(3) 0.110(3) 0.351(4) 0.121(2) 14.90(7) 473 0.618(3) 0.118(2) 0.294(2) 0.122(1) 14.91(5) 673 0.624(3) 0.114(2) 0.286(2) 0.123(1) 14.89(5) 873 0.499(3) 0.115(2) 0.410(2) 0.123(1) 14.89(5) 
 In all the refinements, the background was fitted in a Chebyshev function. In the refinement of the La3Ga3.5Ge2.5O14.75 9-673 K data-set with a lower -spacing (see Table 4-1) the peaks shape were fitted using an expanded pseudo-Voigt  function to account for Stephens’ model208 for  microstrain broadening  for time-of-flight data in a trigonal geometry for bank 1 and 2 and a pseudo-Voigt function for bank 3 with a lower resolution. The 873 K data set, the highest temperature that La3Ga3.5Ge2.5O14.75 was analysed at, is an exception and the Stephen’s model for a triclinic geometry was used instead. At the high temperature of 873 K, lowering the Stephens’ corrections geometry to triclinic improved the goodness of fit by ~12 % from 1.695 to the final value of 1.485.   were refined for b1-b3 in the combined refinement whereas   constants were refined for the lower resolution banks at 90°(b2) and 30°(b3)259.  
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 Figure 4-6 Local environments around the interstitial oxygen in the DFT calculated supercell ( ), and in the refined structure (  and ). ( ) is showing one of the four (Ga/Ge)2O8 pairs present in the × ×  DFT supercell. The bond angles and interatomic distances are very similar amongst the four different pairs resembling a square-based pyramid geometry, therefore only one is shown in the main text for simplicity (See Appendix 5 for all DFT predicted (Ga/Ge)2O8 dimers).  In ( ) the interstitial oxygen is not present and O2 (magenta) is bridging the C (violet) and D (yellow) sites. In the refined (Ga/Ge)2O8 unit ( ) three new oxygen sites are displayed: two O2 framework oxygens, O5 (pale pink) and O4 (mahogany) have been relaxed away from the interstitial oxygen O6 (maroon) and the direction of their movement is indicated with red dashed arrows.  In doped langasites, the incorporation of the interstitial in the 6-membered channels provokes a rearrangement of the O2 oxygen sites. Bond lengths and angles involved in the refined (Ga/Ge)2O8 units are given in Appendix 5. The separation between the edge sharing O4 and O6 oxygen sites equals to 2.5 Å in the refined La3Ga3.5Ge2.5O14.75 model at 9 K (see Figure 4-6), while the same distance in the DFT averaged model equals to 2.44 Å and in La3GaGe5O16 the edge sharing oxygen sites are separated by 2.45 Å. O5-C-O6 and O4-C-O6 angles narrower than 80° (see Figure 4-6), are also present in the DFT supercell. These angles could be increased to more sensible values closer to 80° by approaching the atom in C to O6. To test this hypothesis, a splitting of the C site was carried out which worsen the goodness of fit ‘S’ by 14 %. Even though there is a clear elongation of the refined ADPs for the C site towards O6 (see Figure 4-8), a distinct split C site (or the splitting of any cation site for that matter) did not improve the fit and was therefore not considered in the final refinement. 
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4.2.1.3 Bond Valence Sum (BVS)  
The determination of the Ga/Ge distribution along the B, C and D sites by NPD techniques is hampered by the close coherent scattering length values of these two atoms (7.288 barn for Ga and 8.185 barn for Ge260). Moreover, Ga3+ and Ge4+ cations have the same number of electrons which makes them indistinguishable by means of X-ray diffraction. Although 71Ga static NMR data revealed the presence of Ga in all three B, C and D sites the determination of an accurate relative ratio of Ga on each site was impeded due to the large broadening of the peak ascribed to the 3f site, see 4.2.1.5.2 for further details on the 71Ga NMR.   Due to the fact that a clear location of the Ga and Ge atoms is obstructed by means of both diffraction and NMR techniques the bond valence sum ( ) of the B, C and D cation sites were evaluated as an alternative approach that would allow us to assess the preferential location of Ga and Ge in B-D sites in doped langasites. The BVS for these sites were calculated for La3Ga5GeO14 (  = 0), La3Ga4Ge2O14.5 (  = 1) and La3Ga3.5Ge2.5O14.75 (  = 1.5) at 297 K. The calculated BVS are plotted as a function of the dopant content ‘ ’ in Figure 4-7, assuming each site is fully occupied by Ga in ( ) and by Ge in ( ). The octahedral B and smaller tetrahedral D sites showed a linear increase of the BVS with the doping level, while the tetrahedral C site remained constant from  = 0 to 1.5.   
 Figure 4-7 Calculated Bond valence sum of the three distinct B, C and D cation sites in A3BC3D2O14 for the NPD refined La3Ga5-xGe1+xO14+x/2 models where  = 0, 1 and 1.5 at 297K. The symbols were coloured using the same scheme as in the polyhedral representations: green circles were used for B, violet triangles for C and yellow diamonds for D. In ( ) the filled symbols account for Ga and in ( ) the open symbols account for Ge. The ideal BVS of 3 and 4 for Ga and Ge are represented by a red dotted line in ( ) and ( ) respectively.  From the  representation of B, C and D sites for  = 0, 1 and 1.5 La3Ga5-xGe1+xO14+x/2 langasites it is derived that upon doping, Ge would preferably substitute Ga in the octahedral B and smaller tetrahedral D site having an apical oxygen (O1) making the Ge2O8 more likely to be a (Ga/Ge)2O8 unit with Ga and Ge preferably occupying the tetrahedral C and D sites respectively. This can also be justified in terms of an electrostatic argument. The most stable conformation of Ga and Ge cations with different charges is to be alternated as B(Ge)-C(Ga)-D(Ge) rather than positioned adjacent to an atom with the same charge.   
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Table 4-4  Calculated BVS values for local (M2O7 and M2O8) and averaged environments for the A sites occupied by La, and B, C and D sites occupied by Ga and Ge. 
Temperature (K) 297 11 297 9 297 473 673 873 
x 0 1 1 1.5 1.5 1.5 1.5 1.5 
La 2.88 2.95 2.85 2.99 2.86 3.09 2.83 2.77 
B Ga Average 2.96 3.32 3.32 3.56 3.55 3.53 3.50 3.48 
(1a) Ge Average 3.11 3.49 3.48 3.74 3.72 3.70 3.67 3.66 
C (3f) 
Ga 
M2O7 3.07 3.00 2.99 2.98 3.04 3.04 3.01 2.91 
M2O8  3.00 3.25 3.08 3.03 3.04 3.01 2.78 Average 3.00 3.01 2.99 3.04 3.04 3.01 2.89 
Ge 
M2O7 3.22 3.15 3.14 3.13 3.19 3.03 3.16 3.06 
M2O8  3.15 3.42 3.23 3.18 3.19 3.16 2.92 Average 3.15 3.16 3.14 3.19 3.05 3.16 3.04 
D (2d) 
Ga 
M2O7 3.23 3.38 3.46 3.53 3.53 3.51 3.53 3.74 
M2O8  3.62 3.53 3.45 3.64 3.56 3.53 3.52 Average 3.40 3.46 3.52 3.54 3.52 3.53 3.71 
Ge 
M2O7 3.39 3.55 3.64 3.71 3.70 3.69 3.53 3.93 
M2O8  3.80 3.70 3.62 3.82 3.74 3.53 3.70 Average 3.57 3.64 3.70 3.71 3.70 3.53 3.90 
 Furthermore, the bond valence for all the cations in  = 0, 1 and 1.5 refined models at temperatures ranging from 9-873 K were calculated and are presented in Table 4-4. For the tetrahedral C and D sites the BVS of the two plausible M2O7 and M2O8 local environments are given. The difference in the  between these two local environments is typically small: between 2-5 % for the D site and practically non-existent for the C site.  Overall, the good agreement between the calculated  of the cations and their oxidation states is a good indication of the veracity of the proposed model. Moreover, the range of the averaged calculated  for the oxygen sites is also reasonable ranging from 1.7 for O6 to 2.1 for O1. 
4.2.1.4 VT NPD studies of La3Ga3.5Ge2.5O14.75 
This section presents the variable temperature high resolution neutron powder diffraction studies of La3Ga3.5Ge2.5O14.75 at 9, 297, 473, 673 and 873 K in HRPD.  The refined models in this temperature region are examined to seek for trends and consistency of the proposed model.  Figure 4-8 shows the asymmetric unit cell of the refined models for La3Ga3.5Ge2.5O14.75 at 9, 297, 473, 673 and 873 K.  As previously stated in 4.2.1.2 all atoms, excluding O4 and O6 oxygen sites were refined anisotropically. O4 and O6 thermal parameters were kept isotropic due to their low occupancies ~1/8. While, most cations’ ADPs are spherical, with the exception of the atom in the C site which is elongated towards O6 as earlier mentioned in 4.2.1.2 . Oxygen ADPs (O1-O3 and O5) are elongated along the  plane. This elongation is analogous to the one observed in melilites where the oxide ion conduction occurred along 
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the 2D plane of interconnected tetrahedra61,62,143,144. The evaluation of the shape of the oxygen’s ADPs in Figure 4-8 shows how this feature remains constant throughout the interval of temperatures studied while an increase in their size is also noticeable.   
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 Figure 4-8 ( - ) Plot of the asymmetric unit cell of the refined models for La3Ga3.5Ge2.5O14.75 at various temperatures 9-873 K specified in the figure. Anisotropic thermal parameters are given with a 50 % probability. Oxygen ADPs (excluding O4 and O6 oxygen sites that were refined isotropically) are elongated along the -  plane (analogously to melilites where the oxide ion conduction occurred along the 2D plane of interconnected tetrahedra140).  
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With increasing temperature, an isotropic expansion of the cell is observed (see figure Figure 4-9 a and b). To further evaluate the variation in the thermal parameters with the increase in temperature, the anisotropic thermal parameters were converted to  and 
plot as a function of temperature in Figure 4-9-c. Overall, there is an expected increase in the thermal parameters for all atoms accompanying the cell volume expansion with temperature. The higher value of the thermal parameters of the new oxygen sites O4-O6 can be correlated to the local structure disorder induced by the presence of excess oxide ions129 in the langasite structure. 
 Figure 4-9 (a) Variation of the normalized lattice parameters with temperature. (b) /  lattice parameter ratio showing isotropic expansion of the cell with the increase in temperature. (c) Variation of the  with temperature for the different atomic 
sites. The errors plotted account for 3 ⨯ e.s.d. 
4.2.1.5 NMR 
Diffraction is a technique which informs us about long-range averaged structures and it is therefore limited when it comes to interpreting local structural distortion particularly at low concentration.  , solid-state Nuclear Magnetic Resonance (NMR) is a powerful tool able to reveal chemical environments on the atomic scale. Previous studies have successfully probed the local defect environment in other electrolyte materials such as LSGM261 and apatites131,262.  Herein, we introduce 71Ga and 17O NMR spectroscopy data which in combination with Density Functional Theory (DFT) and total energy and GIPAW NMR calculations251,263 has 
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allowed us to understand the structural defects on La3Ga5-xGe1+xO14+x/2 with 0 ≤ ≤ 1.5. The NMR analysis presented here was carried out by Dr Frederic Blanc who made use of the DFT model calculated by Dr Matthew Dyer for the GIPAW NMR calculations.  Table 4-5 Experimental and calculated 17O, 71Ga and 73Ge NMR Parameters for La3Ga5GeO14 and La3Ga4Ge2O14.5.a 




175(10) 4.5(0.4) 0.5(0.2) 
180.7c 4.3 0.0 
192.1d                (σsd = 22.2) 
4.1          (σ sd = 0.2)           0.1                      
GeIV-O 
122(20) 3.9(0.3) 0.6(0.2) 
153.9c 5.7 0.0 
164.5d               (σsd =17.2) 
5.7                     (σsd = 0.3) 
0.1     (σsd = 0.1)             
O2 
GaIV-O-MIV (M = Ga, Ge) 135(10) 3.5(0.4) 0.1(0.2) 
GaIV-O-GaIV 138.8
c 3.0 0.9 
143.9d                (σsd = 10.5) 
3.4 (σsd = 0.4) 
0.8                      (σsd = 0.2) 
GaIV-O-GeIV 140.0
c 5.0 0.4 
145.6d                (σsd = 22.5) 
5.0                     (σsd = 0.4) 
0.6                      (σsd = 0.2) 
O3 
GaIV-O-GaVI 
199(10) 3.8(0.2) 0.4(0.2) 
204.7c                 (σsd = 0.3) 
4.0                      (σsd = 0.3) 
0.7                     (σsd = 0.1) 195.3d               (σsd = 15.5_ 
4.2 (σsd = 0.6) 
0.7                      (σsd = 0.2) 
GaIV-O-GaV 135.6d               (sd = 15.4) 
2.6                 (σsd = 0.3) 
0.4                 (σsd = 0.2) 
GaIV-O-GeV 189.0d               (σsd = 15.3) 
6.3                 (σsd = 0.3) 
0.4                 (σsd = 0.1) 
GeVI-O-GaV 212.4d               (σsd = 19.5) 
5.1                (σsd = 0.3) 
0.7            (σsd = 0.1) 
GeVI-O-GaIV 209.6d               (σsd = 12.8) 
4.9                 (σsd = 0.6) 
0.8          (σsd = 0.2) 
Oint Interstitial 
270(10) 3.0(0.2) 0.4(0.2) 
271.6d                 (σsd = 11.6) 
2.7                      (σsd = 0.3) 




-e -e -e 
140.7c 25.3 0.8 
135.6d                (σsd = 18.8) 
26.5                  (σsd = 5.4) 
0.5                (σsd = 0.2) V -e -e -e 
 109.5d                (σsd = 10.2) 
23.3                  (σsd = 5.7) 
0.5                (σsd = 0.2) 
D(2a) Td 
250(10) 16(1) -e 
276.5c 13.9 0.0 
263.9d                (σsd = 11.1) 
13.2                 (σsd = 4.2) 
0.2                (σsd = 0.1) V 140(10) 13(2) -e 
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177.3d                (σsd = 4.5) 
10.0                 (σsd = 2.6) 
0.6                (σsd = 0.4) 
B(1a) Oh 
15(10) 6(1) -e 
32.2c                (σsd = 2.0) 
5.0                  (σsd = 1.7) 0.0 44.5d                (σsd = 7.9) 
8.1                  (σsd = 4.8) 
0.5                (σsd = 0.3) 
Ge D(2a) 
Td 
210.9c              (σsd = 0.8) 15.5 0.0 164.8d                (σsd = 3.2) 
16.6                  (σsd = 5.7) 
0.5                (σsd = 0.2) 
V 55.2d                (σsd = 12.5) 
18.2                  (σsd = 3.6) 
0.6                (σsd = 0.2) 
B(1a) Oh -101.5d                (σsd = 3.2) 
16.6                  (σsd = 5.7) 
0.6                (σsd = 0.1) 
a Experimental and calculated values are given in bold and plain text, respectively. 17O and 71Ga experimental values were obtained from the 2D 3QMAS and 1D MAS spectra, respectively (see experimental section for further details). Experimental 73Ge NMR spectra were not obtained due to its low sensitivity. The calculated 17O, 71Ga and 73Ge isotropic shielding σ were converted into isotropic chemical shifts δ following an expression of the form δ = σref + mσ with (σref, m) = (223.70 ppm, -0.888) for 17O,264 = (1502.63 ppm, -0.867) for 71Ga,131 = (1424.24 ppm, -1) for 73Ge.265 Standard deviations σ of the calculated data are given in the table (unless the values are less than 0.1). b The isotropic chemical shift δ is reported, except for 71Ga where only the experimental shift δ is given (obtained from 1D MAS spectra) and is compared to the 71Ga calculated isotropic chemical shift δ. This is a fair assumption since the 71Ga quadrupolar induced shift (determined as δ,Q = - PQ2/40νO(71Ga)2 with PQ and νO(71Ga) the quadrupolar product and the 71Ga Larmor frequency), from which δ is shifted from δ is found lower than 0.1 ppm at 20 T. c Calculated for the La24Ga40Ge8O112 supercell corresponding to the La3Ga5GeO14 langasite structure. d Calculated for La24Ga32Ge16O116 supercell corresponding to the La3Ga3Ge2O16 langasite structure. e This 71Ga NMR signal is not observed experimentally under the conditions (20 T and MAS frequency of 65 kHz) used here (see Figure S5). f Not determined experimentally.  
4.2.1.5.1 17O NMR 
The 17O MAS NMR spectra (17O spin I = 5/2) of 17O enriched La3Ga5GeO14 obtained at a magnetic field of 9.4 and 20 T are shown in Figure 4-10-a. These spectra are characterized by a broadening of the NMR lines due to the presence of a second-order quadrupolar interaction, which is not averaged out to zero by MAS, but which can be removed by two-dimensional (2D) triple-quantum magic angle spinning (3QMAS) experiments252,254, given in  Figure 4-10-c. The 2D spectra were fitted with four signals at isotropic chemical shift 
,  of  199, 175, 135 and 122 ppm and used to accurately reproduced the 1D 17O MAS NMR spectra of La3Ga5O14 at each field in Figure 4-10-a. The fitting parameters for spectral assignment were determined by NMR DFT GIPAW calculations and are given in Table 4-5. GIPAW simulated spectra are highlighted in red in Figure 4-10 and reproduce well the experimental data giving confidence in the accuracy of these calculated parameters261,263,266.  Two main signals of similar intensity resonance bands are observed in the 17O MAS NMR spectra at ,  = 199 and 135 ppm. These bands are assigned to the equally populated O3 oxygen bridging between tetrahedral C and octahedral B sites, and the O2 oxygen bridging between the two tetrahedral sites C and D. Noticed that the GIPAW calculations discriminate two O2 arising from a bridging oxygen between two coordinated C and D sites hosting Ga or Ge cations due to the ordering within the 2⨯2⨯2 DFT supercell used in the calculations. 
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However such distinction is not possible experimentally due to disorder. The third resonance band is observed experimentally at , =  175 , = 122  and computed at 153.9 ppm. The differences between the experimental and calculated ,  were attributed to the large errors in the determination of the experimental parameters for O1 since this signal is obscured by that of O2264.  The 17O MAS NMR spectra of 17O enriched La3Ga5-xGe1+xO14+x/2 (with 0 ≤   ≤  1.5) obtained at a 20 T are depicted in Figure 4-10-b . Doped compositions have a relatively similar line shape to that of La3Ga5GeO14 with an additional downfield resonance centred at 270 ppm (see Table 4-5), not present in La3Ga5GeO14 is observed in La3Ga5-xGe1+xO14+x/2 (with 0.5 ≤  ≤  1.5), whose intensity becomes greater with increasing Ge concentration. This signal evokes an observed shift at ~280 ppm assigned to a  GeO5 unit in La8CaYGe6O26.5 and La8Y2Ge2O27 apatites 131. We have similarly calculated the 17O GIPAW NMR parameters of La3Ga4Ge2O14.5, from a DFT supercell, and used the full set of calculations for signal assignment of the experimental spectra and identify the O resonances giving rise to the additional resonance predicted at 281.7 ppm (Table 4-5).  The estimation of the experimental quadrupolar coupling constant CQ,exp ~3 MHz and asymmetry parameter ƞQ,exp ~0.4 are also supported by the determination of the calculated quadrupolar coupling constant CQ,cal = 3.5 MHz and asymmetry parameter ƞQ,cal = 0.7 for this interstitial oxygen.   Although quantification of NMR signal intensities of quadrupolar nuclei such as 17O must be interpreted with caution,267 the relative content of interstitial oxygen as determined by integration of the 17O MAS NMR signal of La3Ga3.5Ge2.5O14.75 yields a value of 6 ± 2 %, in agreement with the accommodation of over 5 % of extra oxygen.   
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 Figure 4-10 (a) 17O MAS NMR spectra of 17O enriched La3Ga5GeO14 obtained at 9.4 and 20 T (full lines). The one-dimensional simulated spectrum (dashed lines) and deconvoluted spectra (dotted lines) obtained from two-dimensional sheared 17O triple-quantum (3Q) MAS NMR (black) and the GIPAW NMR calculations (red) are given below the experimental data at 9.4 T in ( ) and at 20 T in ( ). In ( ) 17O MAS NMR spectra of La3Ga5-xGe1+xO14+x/2 with  ≤   ≤  .  obtained at a magnetic field of   is given and the region where the peak associated to the interstitial oxygen is observed is highlighted in the spectra. ( ) Two-dimensional sheared 17O triple quantum (3Q) MAS NMR spectrum of 17O enriched La3Ga4Ge2O14.5. Left: isotropic projection of the 2D 3Q MAS spectrum. Top: 17O MAS NMR spectrum. The symbols # and * denotes absorbed H2O and spinning side bands respectively.   
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4.2.1.5.2 71Ga NMR 
In this study increase in coordination number of Ga coupled to the introduction of interstitial oxides is probed by 71Ga NMR261,265. 71Ga (spin I = 3/2) is the isotope of choice in these experiments due to its higher sensitivity with respect to 69Ga (spin I = 3/2) yielding sharper NMR lines (due to its smaller quadrupolar moment Q of -10.7 10-30 m2 vs -17.1 10-30). Figure 4-11 introduces the 71Ga MAS NMR spectra of La3Ga5-xGe1+xO14+x/2 with 0 ≤ ≤ 1.5 obtained at 20 T and under very fast MAS at 65 kHz.   The 71Ga spectrum of LaGa5GeO14 presents one signal at 15 ppm corresponding to the central transition of the 6-coordinated Ga site as well as a broad signal (with a full width at half maximum of approximately 45 kHz) centred at around 240 ppm and corresponding to Ga in tetrahedral geometry, the increase in shift with decreasing coordination number being typical of 71Ga (and other nuclei)261,264,268,269. Two tetrahedral Ga sites C and D are present in LaGa5GeO14 and site-averaged GIPAW NMR calculations reveal that both sites have large quadrupolar coupling constants CQ with values of 25.3 and 13.9 MHz, respectively (Table 4-5). While the 13.9 MHz value obtained for the D site is on the upper limit of CQ values usually obtained for Ga in tetrahedral geometry261,264, the much larger value of 25.3 MHz 
(and Q = 0.8) obtained for a tetrahedral Ga site are unusual and reflects the highly distorted calculated Ga geometry of this C site with 2 short Ga-O distances (of 1.838 and 1.845 Å) and 2 elongated Ga-O bonds (of 1.895 and 1.992 Å). The predicted calculated MAS linewidth of the C site is approximately 600 kHz at 20 T and is therefore significantly larger than the 65 kHz MAS frequency used in Figure 4-11 yielding a broad and complex MAS lineshape and preventing its observation even under the MAS and high field condition used here.   
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 Figure 4-11 71Ga MAS NMR spectra of La3Ga5-xGe1+xO14+x/2 (with  ≤   ≤  . ) obtained at 20 T and under MAS rates of 65 kHz. The spectra were recorded with a 2 ms DFS enhancement pulse257. The one-dimensional simulated spectrum (dashed lines) and deconvoluted spectra (dotted lines) were obtained from best fit simulations (see Table 4-5) and depicted in red to distinguish them from the experimental data denoted by solid black lines.  The 71Ga MAS NMR spectra of La3Ga5-xGe1+xO14+x/2 0.5 ≤   ≤  1.5 reveal a third resonance in addition to the previously observed 2 resonances at 15 and 240 ppm in La3Ga5GeO14. This third resonance increases in intensity with Ge content and appears at a shift around 140 ppm intermediate between the resonances 15 and 240 ppm which account for 6 and 4 fold symmetries, respectively. Both shift and quadrupolar constant (CQ ~13 MHz) values of the new 71Ga resonance indicate the presence of a 5-coordinated Ga site. Similar NMR 
parameters were reported for Ga in trigonal bipyramidal geometry in LaGaGe2O7 ( = 89.6 ppm, CQ = 11.6 MHz)269, and calculated Ga in squared pyramidal geometry in Sr- and Mg-doped LaGaO3 ( = 150 ppm, CQ = 10.1 MHz)261. The site-averaged GIPAW NMR calculations on La3Ga4Ge2O14.5 predict a 5 fold coordinated squared pyramidal Ga D site appearing at a shift of 177.3 ppm with CQ of 10 MHz (Table 4-5), in fair agreement with the experimental data. The calculations also predict a very large CQ (> 23 MHz) for a 5˗coordinated Ga C site which is not resolved or observed in the 71Ga MAS NMR spectra at 20 T as discussed above. These 71Ga NMR results highlight a change of coordination number 
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of Ga atoms needed to accommodate the extra oxygen incorporated and indicates the presence of 5-coordinated Ga.  Ge also has an NMR active nucleus, 73Ge, with a spin 9/2, that was not considered in this study due to its very low sensitivity arising from a combination of low gyromagnetic ratio, large quadrupolar moment and low natural abundance265. Despite this, the computed 73Ge NMR parameters for both La3Ga5GeO14 and La3Ga4Ge2O14.5 are introduced in Table 4-5 since 
73Ge shift is also sensitive to the Ge coordination number265,270. Similarly, the study of La by NMR was also discarded here due to the very large CQ261 values in the  45.4 – 59.9 MHz and 24.6 – 80.2 MHz range for decahedral La. 
4.2.2 Evaluation of the conductivity by AC impedance 
4.2.2.1 Sample preparation: Conventional, SPS and HIP Sintering 
The asymptotic decrease in the decomposition temperature with the increase in dopant content in La3Ga5-xGe1+xO14+x/2 for  > 0.3 (see section 3.3.4 in page 75) hampers the preparation of specimens with acceptable densities for conductivity determination purposes.   At a first instance these difficulties were addressed by the addition of binders (BUTVAR and PVA 3-15 wt%) and decrease in particle size of the powdered precursors by mechanical milling followed by CIP-ing in samples with a nominal composition of La3Ga4.5Ge1.5O14.25 (  = 0.5) and a decomposition temperature of 1100 °C. The addition of binders and mechanical milling typically allow decreasing the temperature for the full densification of a ceramic body by 50-100 °C. These techniques were not sufficient to achieve full densification of La3Ga4.5Ge1.5O14.25. Alternatively, the fast-sintering techniques Hot Isotactic Pressing (HIP) and Spark Plasma Sintering (SPS) were carried out for La3Ga5˗xGe1+xO14+x/2 with  > 0.3 due to the dramatic decrease in the decomposition temperature several hundred of degrees 
apart from the melting point ~1350 ℃.   Hot Isostatic Pressing   The density of HIP-ed La3Ga4Ge2O14.5 (  = 1) and La3Ga3.5Ge2.5O14.75 (  = 1.5) materials calculated with the Archimedes balance and the volume obtained from Rietveld was found to be 73 % for La3Ga4Ge2O14.5  (  = 1) HIP-ed at 850 °C, and a lower 50 % density was determined in La3Ga3.5Ge2.5O14.75  (  = 1.5) sintered at 800 °C. The low density obtained in La3Ga3.5Ge2.5O14.75  (  = 1.5) is not suitable for AC impedance measurement purposes. On the other hand, a 73 % density obtained for La3Ga4Ge2O14.5 (  = 1) is adequate for the determination of the bulk conductivity in a 350-525 °C range following the procedure in 2.3.3.2. The morphology of the 73 % dense La3Ga4Ge2O14.5 (  = 1) sample was investigated in the Scanning Electron Microscope (SEM), see Figure 4-12.   
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 Figure 4-12 SEM images HIP-sintered La3Ga4Ge2O14.5 with a density of 73 %. The sintering conditions involved heating the sample at 850 °C for 8 hours while simultaneously applying a pressure of 300 MPa.  The SEM images of Au-coated La3Ga4Ge2O14.5 (  = 1)presented in Figure 4-12 were taken in the cross section of a broken side. They revealed a loose microstructure, although some well-developed ~2-4 μm grains are visible, generally there is poor connectivity between the grains due to a high porosity.   PXRD patterns of the HIP-ed specimens were collected to investigate the possibility of the samples undergoing undesired reactions during the sintering process leading to the formation of impurities. The comparison between the PXRD patterns before and after HIP for both La3Ga4Ge2O14.5 (  = 1) and La3Ga3.5Ge2.5O14.75 (  = 1.5) are presented in Figure 4-13. An incipient formation of a LaGaGeO5 impurity denoted by black filled squares in Figure 4-13 was observed in the samples after HIP. Even though these materials were stable at the experimental temperatures (under air and ambient pressure), the low O2 partial pressures and the high pressure of 300 MPa applied during the HIP appeared to change the equilibrium of the reaction. Moreover, an increase in the cell volume from 296.79(2) to 299.23(5) Å3 in La3Ga3.5Ge2.5O14.75 (  = 1.5) after undergoing HIP process determined by the Pawley fitting of the PXRD patterns in Figure 4-13 (see Table 4-6), indicates a change in composition of the majority langasites phase with the loss of Ge. In La3Ga4Ge2O14.5 (  = 1), the Pawley fitting of the data demonstrates no change in the lattice parameters before and after HIP, which suggests that there is no change in composition.   Due to the reactivity of doped langasites under the sintering conditions specified above and the high cost associated to this technique as well as to the silver cans in which the samples were embedded, an alternative method involving the Spark Plasma Sintering (SPS) of powdered langasite specimens was attempted. Since in SPS the high pressure conditions are only held briefly over a period of a few minutes, the formation of impurities was thought to be avoided by this technique.  
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 Figure 4-13 XRD patterns of La3Ga3.5Ge2.5O14.75 (  = 1.5)  and La3Ga4Ge2O14.5 (  = 1) before and after undergoing HIP sintering. The filled squares denote the presence of a LaGaGeO5 impurity. The PXRD patterns were collected in a Bruker diffractometer with a Cu source ( ,  = 1.5406 Å).  Table 4-6 Fitting parameters and refined lattice parameters for the Pawley fitting of the samples in Figure 4-13. 
Nominal Compositions    (Å) c (Å) V (Å3) 
La3Ga3.5Ge2.5O14.75       
Before HIP 7.28 1.19 8.2813(2) 4.9971(2) 296.79(2) 
After HIP 6.18 2.53 8.2611(6) 5.0629(1) 299.23(5) 
La3Ga4Ge2O14.5       
Before HIP 6.78 1.20 8.2521(1) 5.0372(1) 297.07(1) 
After HIP 5.35 1.13 8.2512(2) 5.0380(3) 297.05(2) 
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 SPS sintering  0.3 ≤ ≤ 0.7  compositions were sintered  SPS at temperatures ranging from 1050-1000 °C for dwelling periods ranging from 4 to 10 min (see Table 4-7 for further details). The grain morphology and microstructure of sintered pellets with  = 0.35, 0.5, 0.55 and 0.7 was investigated in the Scanning Electron Microscope (SEM). The fractured surface SEM images given in Figure 4-14 show good connectivity between particles and small porosity, only some intra-granular pores with ∅ 1  are visible for La3Ga4.5Ge1.5O14.25 (  = 0.5).  
 Figure 4-14 SEM images of the cross section of Au-coated SPS - sintered La3Ga5˗xGe1+xO14+x/2 pellets with  = 0.35, 0.5, 0.55 and 0.7. Their relative density is given between brackets next to the dopant content ‘ ’.  Attempts to sinter La3Ga4Ge2O14.5 (  = 1) and La3Ga3.5Ge2.5O14.75 (  = 1.5) with the lowest decomposition temperatures of 900 and 850 °C respectively in a graphite die at a pressure of 50 MPa were unsuccessful. A LaGaGeO5 impurity was formed after heating these compositions above   at 1000 °C for only 1 min. In order to lower the sintering 
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temperature so as to match the synthetic temperatures of 850 and 800 °C the applied pressure was increased from 50 to 550 MPa by the use a of a double acting die in which a small ⌀ = 5 mm graphite die with WC plungers is embedded in a bigger ⌀ = 20 mm die. Presumably, the lower conductivity subsequently measured for these materials could also be hindering the synthesis at routine SPS-sintering pressure values of ~50 MPa.  The synthetic routes followed for the preparation of dense pellets whose conductivity was afterwards measured by AC impedance are listed in Table 4-7. Compositions within the 0 ≤  ≤  0.2 ranges were annealed by prolonged firings of 24 hours at 1275 °C. Ge-richer 0.3 ≤  ≤  1.5 compositions were annealed by Spark Plasma Sintering at lower temperatures ranging from 1150-800 °C. The densities (ρ), activation energy values ( ) calculated from Figure 4-17 and Heidinger corrected permittivity values ( ) are also presented in this table.   Table 4-7 Sintering conditions for the La3Ga5-xGe1+xO14+x/2 pellets measured by AC impedance 
x ρ (%)   (eV) 
Sintering Conditions 
 Conventional Sintering 
Temperature (°C) Dwell (h) 
0 80 33.7 1.19 1275 24 
0.1 86 27.4 1.12 1275 24 
0.2 94 34.8 1.19 1275 24 
x ρ (%)   (eV) 
 SPS Sintering 
T(°C) Dwell(min) Ramp rate (° min-1) Pressure (MPa) 
0.3 (A) 95 43.4 1.09 1150 10 200 50 
0.3 (B) 97 35.8 1.16 1150 10 200 50 
0.35 97 28.2 1.20 1150 10 200 50 
0.4 97 36.9 1.20 1150 10 200 50 
0.45 97 38.8 1.21 1150 10 200 50 
0.5(A) 95 41.3 1.20 1100 10 200 50 
0.5 (B) 97 39.2 1.12 1100 10 200 50 
0.55 80 39.4 1.24 1050 5 200 50 
0.6 87 46.5 1.24 1050 5 200 50 
0.7 97 26.3 1.25 1050 5 200 50 
1 73 37.3 1.35 850 5 200 550 
1.5 72 33.2 1.41 800 5 200 550 
 
4.2.2.2 Total and bulk conductivity 
The Arrhenius plot of the total and bulk conductivity of La3Ga5-xGe1+xO14+x/2 for 0 ≤   ≤ 0.5 measured in air is shown in Figure 4-15 at 350-900 °C. The bulk conductivity at 350-500 °C (filled symbols) was calculated with the Heidinger235 corrected permittivity and  at the ’’ vs frequency plot (see 2.3.3.2). The total conductivity values at 500-950 °C (open symbols) were extracted from the intercept of the arcs in the complex impedance plane and the assignment of the type of response was done on the basis of the corrected capacitance values231 (see 2.3.3.1).   Figure 4-15-  shows an increase in the total conductivity by two orders of magnitude in doped La3Ga4.5Ge1.5O14.25 (  = 0.5) and La3Ga4.7Ge1.3O14.15 (  = 0.3) langasites (~4 ⨯ 10˗3 S·cm-1 at 700 °C) with respect to the un-doped parent material (La3Ga5GeO14, 
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~1 ⨯ 10-5 S·cm-1). In addition to this, the Warburg electrode response was observed in the complex impedance plots for doped langasites. Figure 4-15-  shows the evolution of the complex impedance plots for La3Ga4.7Ge1.3O14.15 (  = 0.3) as a function of temperature. As the temperature increases the pellet response moves above the observable frequency range. Therefore, at 800 °C and higher temperatures the total conductivity is extracted from the intercept. This characteristic feature of ionic conductors is not exhibited by the insulating La3Ga5GeO14 parent phase (see Figure 4-15- ).  
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 Figure 4-15( ) Complex impedance plots for La3Ga4.7Ge1.3O14.15 (  = 0.3) at 600, 700 and 800 °C showing the Warburg arc characteristic of oxide-ion conductors. ( )  Complex impedance plot for the insulating La3Ga5GeO14 (  = 0) parent material at 700 °C. In both figures  and , the numbers in bold denote the logarithm of the frequency at the adjacent point highlighted in red. ( ) Arrhenius plots of the total 
conductivity (empty symbols) and bulk (filled symbols) of La3Ga5-xGe1+xO14+x/2 for  = 0, 0.1, 0.3 and 0.5 La3Ga5-xGe1+xO14+x/2.  For the compositions studied, the total conductivity at temperatures above 525 °C is dictated by the grain boundary which was found constant for samples with   0.3 (see overlapping of the conductivity values for  =  0.3 and 0.5 in Figure 4-15- ). Thus, in order to properly asses the change in conductivity in La3Ga5-xGe1+xO14x+/2 as a function of the amount of dopant ‘ ’ incorporated we looked at the bulk conductivity at a lower temperature range of 350-525 °C. At such range, the ’’ vs frequency plot given in Figure 
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4-16 allows us to discriminate the bulk and grain boundary contribution to the total conductivity230,271,272 under the conditions measured up to 2 MHz.  
 Figure 4-16 Shift in the peak maxima in the ’’ plot for La3Ga5-xGe1+xO14+x/2 with  = 0, 0.1, 0.3 and 0.5 towards higher frequency values with the increase of .  The dielectric constants of La3Ga5-xGe1+xO14+x/2 with 0 ≤ ≤ 1.5  were measured at room temperature on dry specimens.  The calculated value for the parent La3Ga5GeO14 material is = 34  close to the reported value of ε = 27 for the Si analogue (with the 
permittivity of La3Ga5GeO14 being higher than that of La3Ga5SiO14 due to the higher polarizability of Ge)273.   The maximum conductivity was measured for 0.4, 0.45 and 0.5 compositions showing overlapping conductivity values (Figure 4-17- ). In addition, the errors associated with reproducibility of samples were calculated in two specimens with  = 0.3 and  = 0.5. The estimated deviations are approximately 20 % of the observed conductivity and the error bars often lie behind the symbol in Figure 4-17.  The activation energy values  for all samples were calculated from the slope of the linear fit of the Arrhenius plot of the conductivity as described in 2.3.3.3.2. Due to the high number of data points acquired at a narrow interval of temperature the calculated errors of the linear fit were small (typically associated to the third or fourth decimal places) and not meaningful. Therefore, the calculated activation energies were round to two decimal places in the list that is presented in Table 4-7.   
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 Figure 4-17 Change in the bulk conductivity for La3Ga5-xGe1+xO14+x/2 with  ≤ ≤ . . 
4.2.2.3  dependence of the conductivity  
In order to characterize the defects responsible for the increase in the conductivity, La3Ga4.5Ge1.5O14.25 (  = 0.5) lying within the 0.35 ≤ ≤ 0.5 range of compositions with the highest conductivity was evaluated as a function of different oxygen partial pressures by the oxygen concentration cell method. Its conductivity was found constant at    values ranging from 1 to 10-15 atm as demonstrated in Figure 4-18. This is evidence of the ionic conducting nature of La3Ga5-xGe1+xO14+x/2 with negligible electronic conductivity.  
 Figure 4-18  dependence of total ( )/bulk ( ) conductivity of La3Ga4.5Ge1.5O14.25 (  = 0.5). 
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4.2.2.4 Test for proton conduction 
Conductivity experiments in a dry and wet atmosphere were carried out for the parent and 
most conductive La3Ga4.5Ge1.5O14.25 (  = 0.5) langasite to investigate whether there is evidence for proton conduction in these materials. The analyses were carried out by flowing dry compressed air from a cylinder through the set up directly (dry conditions) and intercalating a bubbler containing water (wet conditions). Figure 4-19-  shows that for both compositions studied, the calculated bulk conductivity is identical under wet and dry atmospheres suggesting that there is no proton conduction. Additionally, Thermal Gravimetric Analysis (TGA) was performed in La3Ga5GeO14 showing no evidence of water incorporation on the sample (see Figure 4-19- ).   
 Figure 4-19 ( ) Bulk conductivity of =  (red squares) and 0.5 (blue diamonds) La3Ga5-xGe1+xO14+x/2 in a dry and wet air atmospheres in filled and open symbols respectively. ( ) TGA data of La3Ga5GeO14 showing no change on mass upon heating up to 1000 °C. 
4.2.3 Comparison with melilites 
4.2.3.1 Structural comparison  
The relaxation and cooperative distortions occurring in this family of materials are markedly different to those for the 0D isolated tetrahedra-based structure of the apatite and even for the 2D tetrahedral network of the melilite with a higher structural resemblance to langasites. Figure 4-20 is showing the structural relaxation around the interstitial and the bulk structure in two adjacent channels for the melilite ( ) and langasite ( ) structures. Similarly to the langasite, the interstitial oxygen O4 in the melilite is found within the Ga1-Ga2 tetrahedra layer between the La/Sr cations lying in the pentagonal channels. However, unlike to the langasite, the interstitial oxygen (O4) is found to bind solely to one tetrahedral Ga2 site containing one apical oxygen named O2 (see Figure 4-20- ). The bulk Ga2O4 tetrahedra is shown in yellow in Figure 4-20- , where Ga2 is bonded to O1, bridging Ga2 to a contiguous Ga2 site, and two O3, which are in turn bonded to neighbouring Ga1 sites. In the presence of the interstitial oxygen (O4), depicted in Figure 4-20- , Ga2 is displaced towards the triangular O3-O2-O3 face of the original tetrahedron to (Ga2)int approaching the oxygen interstitial with a ~1.81 Å distance. Further relaxation within (Ga2)intO5 occurs as the two O3 sites move to the relaxed (O3)int (see Figure 4-20- ) position to make, with O2, three coplanar oxides around (Ga2)int resulting in a distorted trigonal bipyramid-like configuration. O4 is electrostatically stabilized by the rearrangement of La/Sr to (La/Sr)int, 
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lying 0.45 Å closer to the interstitial defect. In contrast, the O1 which is not directly bound to (Ga2)int moves further away from O4 to (O1)int61.   The cooperative displacement that takes place as a consequence of the interstitial accommodation is dissimilar in melilites and langasites, regardless of the structural resemblance between the two. In the refined langasite model, a flattened shape of the atomic displacement parameters (ADPs) in the C site is observed (see Figure 4-8), which accounts for a certain degree of flexibility of the atoms in this site along the -  plane, albeit less conspicuous than the Ga2 to (Ga2)int displacement in melilites. Another distinct feature is that in langasites, the alternating layers consisting of La and octahedra do not seem relaxed away for the accommodation of the interstitial, whereas in melilites the central atom within the same channel containing an oxygen interstitial moves to the new (La/Sr)int. In langasites as in melilites, the oxygen propagation seems to occur within the tetrahedral layer, as the highly anisotropic displacement parameters (ADPs) of the C site, O1, O2 and O3 are flattened along this direction with the increase in temperature (see Figure 4-8 in page 100).   
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 Figure 4-20 Differences in the local structure relaxation in langasites and melilites. The structural relaxation around the interstitial oxides in La1.54Sr0.46Ga3O7.27 melilite ( ) and La3Ga3.5Ge2.5O14.75 langasite ( ). ( ) shows the structural relaxation around the interstitial oxygen in La1.54Sr0.46Ga3O7.27 along the channels parallel to [001]. The same colour coding: violet for 4-connected tetrahedra (Ga1) and yellow for the ones having a non-apical oxygen (Ga2) is used. The 5-coordinated Ga (Ga2)int, bond to the maroon oxygen interstitial (O4) is highlighted in grey. O3 in magenta interconnects the distinct Ga sites and is able to relax to (O3)int in pale pink forming an equatorial plane with O2 in orange. This results in the formation the distorted trigonal bipyramidal polyhedra: (Ga2)intO5. The split (O1)int site connecting two Ga2 sites (not directly bound to (Ga2)intO5) relaxes away from the interstitial O4 and is plotted in mahogany to differentiate from the red bulk O1 site in red. Similarly, the (La/Sr)int site which displaced towards O4 by 0.45 Å is plotted in a darker blue in order to discriminate it from the bulk La/Sr site in the adjacent channel. Analogously a channel containing an interstitial oxygen adjacent to a channel with no interstitial is plotted for the langasite in ( ). Ga2O4 tetrahedal unit ( ) and (Ga2)intO5 in La1.54Sr0.46Ga3O7.27 ( ). The dashed red arrows represent the direction of the movement of the O3 and Ga2 sites for the incorporation of the O4 interstitial oxide.  
4.2.3.2 Conductivity comparison 
The mobility of the extra oxygen in the langasite and melilite structures is evaluated in Figure 4-21 where the variation of the conductivity at 500 °C is plotted as a function of the concentration of oxygen interstitials  per channel ‘ / ’ (determined as /4 for La1+xSr1-xGa3O7+x/2 and /6 for La3Ga5-xGe1+xO14+x/2). The increase in conductivity was fit to a power function for both structures (see caption in Figure 4-21).  
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 Figure 4-21 Conductivity at 500 °C for La1+xSr1-xGa3O7+x/2 (black circles) and La3Ga5-xGe1+xO14+x/2 (blue squares) as a function of the concentration of extra oxygen introduced per channel. The black solid line is the fit to σ = σ0 + ACOint/channeln where σ0 = 4.12 × 10-8 S·cm-1, A = 0.79 and n = 2.9 accounting for the increase in conductivity in melilites. The evolution of the conductivity as a function of the concentration of Oint in langasties was fit to two equations. The dash blue line denotes the fit of the data to 
σ = A (COint/channel-B)n where A = 5.3 × 10-4 S·cm-1, B = ˗3.54 × 10-10 S·cm-1 and n = 1.2 for     .  whereas the dotted blue line accounts for the fit of the 0.075 <  < 0.25 data to  σ = A + BCOint/channel where A = ˗9.42 × 10-5 S·cm-1 and B = 3 × 10-5 S·cm-1.  The increase in conductivity as a function of the extra oxygen is less steep in langasites and the conductivity reaches a maximum value for langasites at a concentration of 
/  ~0.075, whereas this value is doubled in melilites where the maxima is found at /   ~0.15 showing a conductivity of 5 × 10-3 S·cm-1 at 500 °C, two orders of 
magnitude higher than the most conductive langasite ( /  ~0.075) having a conductivity of 2.3 × 10-5 S·cm-1 at the same temperature.  The less dramatic increase in conductivity as a function of the concentration of extra oxygen shown by La3Ga5-xGe1+xO14+x/2 in comparison with other structure types based on interconnected tetrahedra incorporating extra oxygen such as melilites, could be explained on the basis of the differences in the local relaxation within the channels in the two structures. In melilites, the interstitial oxide ion is located in the center of the pengatonal channels where the large La cation lies (see Figure 4-20- ). The proposed interstitial migration pathway suggests that the  would move from one center of the pentagonal channel to a neighboring channel  the formation of an intermediate edge-sharing Ga2O9 unit between two Ga2 sites where the  becomes a bridging oxygen42,61. In langasites, the extra oxygen is displaced away from the center of the channel towards two neighboring tetrahedral C and D sites forming a (Ga/Ge)2O8 unit. In order for the extra oxygen to migrate along the tetrahedral layer into a neighboring (Ga/Ge)2O7 site, the most likely mechanism is a ‘knock-on’ type in which an O6 pushes O2 to O4 and this site hops across the channel to an O6 site where a new Ge2O8 unit is formed and so on. The displacement of the  further away from the middle of the channel into the (Ga/Ge)2O8 unit seems a plausible explanation for a more constrained mobility of the extra oxygen in langasites and it could also be the reason why the maximum in conductivity in langasites is found at /  ~0.075 with the increase in the concentration of extra oxygen having no positive effect on the conductivity. The structural rigidity in langasites could be caused by the presence of octahedra interconnecting the top and bottom layers of tetrahedra.   
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In essence, the further relaxation required for the oxide ion accommodation in langasites in comparison with that of other interstitial oxide ion hosts with good ionic conducting properties such as apatites and melilites turns the (Ga/Ge)2O8 dimers into deeper trap for the interstitial oxides, thus preventing a fast oxide ion migration. The formation and de-formation of edge-sharing (Ga/Ge)2O8 units involve the breaking and creation of a higher number of bonds which in turn requires a higher energetic cost. This higher energetic cost can be correlated with the higher activation energies in La3Ga5-xGe1+xO14+x/2 (~1.1 eV) with respect to La1+xSr1-xGa3O7+x/2 (~0.4 eV).  
4.3 Summary and conclusion  
The structure of doped langasites with a remarkable flexibility for the accommodation of up to 5.36 % of extra oxygen in La3Ga3.5Ge2.5O14.75 was introduced here.  To reveal the local environment around the  combined DFT, NPD and 71Ga and 17O NMR studies were carried out that located the in a Ge2O8 dimer. Such dimer is formed by two former C and D tetrahedral sites which simultaneously bind the interstitial to form a pseudo-square based pyramid like polyhedra sharing one edge. This provokes a rearrangement of the O2 framework oxygen which moves over 1 Å away from its original position.  Although a promising increase in the conductivity of over two orders of magnitude compared to the parent insulating material was observed for La3Ga4.5Ge1.5O14.25 (~10˗3 S·cm-1 at 900 °C), the conductivity plateaus for those La3Ga5-xGe1+xO14+x/2 compositions with  > 0.5. This was explained on the basis of the structural analysis presented. The creation and deformation of (Ga/Ge)2O8 dimers has a high energy cost 
(  ~1.1 ) which could in turn be due to the restricted mobility of the tetrahedral C site which is locked in place by the binding of two octahedral B sites on the top and bottom layers.    
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5 ISOVALENT DOPING OF  
This chapter comprises the study of isovalent dopings performed in La3Ga5˗xGe1+xO14+x/2 presented in Chapter 4. The aim of this doping strategy is to increase the disorder within the structure to enhance its conductivity. Two doping mechanisms were studied: one involved the substitution of La3+ on the A site for other lanthanides in La3˗yLnyGa5˗xGe1+xO14+x/2where Ln = Pr, Nd, Sm and Gd and the second approach consisted of the replacement of the costly and scarce Ga3+ for Al3+ in La3Ga5-x-yAlyGe1+xO14+x/2.  The doping of LaGaGeO langasites on the A site in La3-yLnyGa5-xGe1+xO14+x/2 allowed us to correlate the effect of the A-cation size with the extra oxide ion incorporation capability and the resulting conductivity. Similar studies involving the co-doping of La for Ln were carried out in interstitial oxide ion conductors such as apatites 121,122 and melilites142. The cation radii for host and dopant cations are given in Table 5-1.  The isovalent doping of Ga for Al in La3Ga5-x-yAlyGe1+xO14+x/2 and La3Al5-xGe1+xO14+x/2 is discussed. Since the C and D tetrahedral sites are found to bind the extra oxygen incorporated in La3Ga5-xGe1+xO14+x/2, this doping strategy constitutes an interesting approach to seek for an increase in conductivity as a consequence of the induced Ga, Al and Ge disorder in the M2O8 local environment. La3Ga5-xAlxSnO14 (0 <  ≤ 2)274, La3Nb0.5Ga5.5-xAlxO14 (0 <  ≤ 0.2)275, La3Ga5-xAlxSiO14 (0 <  ≤ 0.9)276 and La3Ta0.5Ga5.5˗xAlxO14 (0 <  ≤ 0.2)276 comprised previous Ca3Ga2Ge4O14-type structures where a partial substitution of Ga by Al is reported. The complete substitution of Ga by Al in La3Al5GeO14 and La3Al5-xGe1+xO14+x/2 introduced in this chapter are novel langasite compositions not reported up to date.   
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Table 5-1  Coordination, charge and ionic radii of the host and dopant cations for the systems studied in this chapter. 
System Site Doped Coordination 
Host Dopant 
Charge Ionic radius (Å) Charge 
Ionic radius (Å) 





La3Ga5-x-yAlyGe1+xO14+x/2 B, C and D VI/IV Ga3+ 0.62/ 0.47 Al3+ 0.535/ 0.39 
La3Al5-xGe1+xO14+x/2 B, C and D VI/IV Al3+ 0.535/ 0.39 Ge4+ 0.53/ 0.39 
The ionic radii values are taken from 239 
5.1 Experimental Methods 
5.1.1.1 Synthesis 
Doped langasites were prepared  Pechini’s method by mixing stoichiometric amounts of the various lanthanide (III) nitrates (Alfa Aesar 99.99 %) with gallium (III) nitrate (Alfa Aesar 99.999 %), aluminium (III) nitrate (Alfa Aesar 99.999 %) and germanium (IV) oxide (Sigma-Aldrich ≥99.99 %) in distilled water. In La3-yLnyGa5-xGe1+xO14+x/2, the concentration of product formula in the initial solution ranged from 6.23 ⨯ 10-4 M to 6.23 ⨯ 10-3 M. Citric acid (Sigma-Aldrich ≥99.5 %) and ethylene glycol (Alfa Aesar 99 %) were added to the solution in a 1:1 ratio to the initial mixture of reagents. The mixture of reactants was dried for 15 hours at 175 °C in a hot plate. The dried polymerized precursors were ground and heated at 600 °C for 60 hours which allowed for the removal of the organic components. These steps were followed by a thorough mixing of the pre-calcined powders, pellet pressing and a final sintering of the La3-yLnyGa5-xGe1+xO14+x/2 reactants at 850 °C for ≤ 1 and at 800 °C for  >  1. The Al-langasites La3Al5-xGe1+xO14+x/2 and La3Ga5-x-yAlyGe1+xO14+x/2 with 0 ≤ ≤ 1 were phase pure after one annealing cycle consisting of a 12 hours dwell at 900 °C with a heating-cooling rate of 3 ° min-1. In La3Al3.5Ge2.5O14.75 (  = 1.5),  the final temperature was lowered to 850 °C to avoid the formation of a LaAlO3 impurity at 900 °C at this particular composition. 
5.1.1.2 Characterization 
5.1.1.2.1 XRD and NPD 
The purity of the samples was analysed by means of powder X-ray diffraction in a 
PANalytical X’pert Pro diffractometer with a Co-source ( , = 1.7890 Å) in reflection mode and in a Bruker D8 Discovery diffractometer with a Cu-source ( , = 1.5406 Å ) .   Elemental analysis of La1.5Pr1.5Ga4.5Ge1.5O14.25 specimens sintered at 800-1300 °C was carried out in the JEOL FX2000 Transmission Electron Microscope (TEM). The sample preparation and operation conditions are explained in the experimental chapter (see 2.3.2.1).  The interstitial location and structural relaxation in La1.5Pr1.5Ga4Ge2O14.5 was studied at the high resolution TOF diffractometer HRPD at ISIS. These experiments were performed in a 5 g sized sample contained in a ∅ = 11 mm vanadium can covering the height of the beam of 
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~2 cm. The diffraction patterns at the banks 1-3 were acquired at room temperature and ambient pressure.   The structural characterization of La3Al5-xGe1+xO14+x/2 with  = 0, 1 and 1.5 was carried out by means of  a combined study of Synchrotron X-Ray Diffraction (SXRD) data collected at the I11 beamline in Diamond and high-intensity Neutron Diffraction data collected at the GEM diffractometer in ISIS. This study was carried out at room temperature. 
5.1.1.2.2 Pellet sintering  
Ln-langasites pellets for conductivity measurement purposes were sintered by means of two routes as follows:  - Conventional sintering was carried out in La3-yLnyGa5-xGe1+xO14+x/2 with Ln = Pr, Nd, with  = 0 and 1.5 and with  = 0, 0.25 and 0.5. Mixtures of reagents were prepared by Pechini and 6.23 ⨯ 10-4 M solutions of the initial mixture of precursors were used. Carbon-free powders were obtained after an intermediate annealing step at 600 °C for 60 hours. Afterwards the powder were re-ground and pressed into ∅ = 8 mm sized pellets with in a uniaxial press at a pressure of 10 kPa.  At the final steps, the pellets were heated at 1250 °C for 5 hours (  = 0.25 and 0.5) and 12 hours (  = 0) delivering ≥ 80 % specimens.  - Phase pure La3-yLnyGa5-xGe1+xO14+x/2 with Ln = Pr Nd, Sm and Gd, with  = 1, 1.5 and 3 and with  = 0.5, 0.75 and 1 were synthesized by Pechini at 850 °C for 12 hours. Phase pure samples were mechanically milled and SPS-sintered as follows: 1.5-2 g were heated at temperatures ranging from 1000 to 1050 °C for 4 - 5 min in a ⌀ = 20 mm graphite die exerting a compressive force of 50 MPa along the -axis. The ramp rate was held constant at 200 ° min-1 in all the experiments (see 2.2.3 for further details regarding the equipment used).  An alternative approach involving the simultaneous synthesis and sintering assisted by SPS were carried out for La3Al5-xGe1+xO14+x/2 and La3Ga5-x-yAlyGe1+xO14+x/2 with  0 ≤   ≤  1 . Stoichiometric mixtures of reactants prepared by Pechini were heated below their synthesis temperature at 800-850 °C for 12 hours and mechanically milled (see page 23 for milling conditions). 1.5-2g of un-reacted powders were SPS sintered at low temperatures 1000-
1050 °C (slightly above   ~ 950  °C) that were held for 4-5 min in a ⌀ = 20 mm 
graphite die with an applied pressure of 50 MPa and a heating-cooling ramp rate of 200 ° min-1 delivering samples with a high purity and 60-90 % densities. 
5.1.1.3 Conductivity determination 
AC impedance measurements were carried out in two instruments: a Solartron 1255B frequency response analyser coupled to a Solartron 1287 electrochemical interface at 1 mHz-20 MHz (for the total conductivity determination introduced in page 137) and an E4980 LCR meter analyser at 1 Hz – 2 MHz (for the bulk conductivity introduced in page 141) while a 300 mV perturbation voltage was applied. The data was collected under cooling while commercial dry air (BOC) was circulated through a sealed environment. Commercial gold paste was used as electrodes. For further details on sample preparation and equipment see 2.3.3. 
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5.2 Results and Discussion 
5.2.1 La3-yLnyGa5-xGe1+xO14+x/2 for Ln=Pr, Nd, Sm and Gd 
5.2.1.1 Synthetic Outcome 
Phase pure La3-yLnyGa5-xGe1+xO14+x/2  0 ≤  ≤  0.3  compositions were formed after one annealing cycle of the Pechini precursors at 1300 °C for 12 hours. The synthetic temperature was lowered to 800-850 °C in La3-yLnyGa5-xGe1+xO14+x/2 with >  0.3 . Increasing the synthetic temperature above 850 °C or above 800 °C in La1.5Ln1.5Ga3.5Ge2.5O14.75 with Ln = Pr and Nd or increasing the nominal composition to >1.5 lead to the formation of Ln3Ga5O12 with a garnet structure as an impurity.    The cell parameters for La3-yLnyGa5-xGe1+xO14+x/2 obey Vegard’s law within the 0 ≤ ≤ 1.5 
region for  = 1.5 and Ln = Nd, Pr and Sm. For the complete substitution of La when  = 3, a lower doping of 0 ≤ ≤ 1 is achieved for all Ln studied: Nd, Pr, Sm and Gd.  The trend in the lattice parameters of Pr and Nd containing systems is given in Figure 5-2.  
 Figure 5-1 PXRD patterns measured in Bruker D8 Advance diffractometer ( ,  =.  Å) in La3-yNdyGa4Ge2O14.5 with ≤ ≤ . The 2θ region 30-50° shows a shift in the Bragg peaks with the change in compositions and no presence of peaks attributed to impurity phases.  
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 Figure 5-2 Trends of the lattice parameter evaluated by Pawley fitting in the Nd and Pr containing systems. The errors plotted correspond to 1 ⨯  e.s.d and are lying behing the symbols.  An EDX analysis in the TEM demonstrated the successful incorporation of extra oxygen in a sample with the La1.5Pr1.5Ga4Ge2O14.5 nominal composition shown in Figure 5-3. The various crystallites analysed grouped into a tight cluster with an averaged composition of La1.59(9)Pr1.46(7)Ga4.03(7)Ge1.91(6)O14.46(3).  This sample was analysed by NPD and the Rietveld refinement of the data is introduced hereafter. 
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 Figure 5-3 Ternary phase diagram of the EDX data collected in a sample with the La1.5Pr1.5Ga4Ge2O14.5 nominal composition (denoted by a red cross), the data collected on eight crystallites (denoted by black squares) averaged to La1.59(9)Pr1.46(7)Ga4.03(7)Ge1.91(6)O14.46(3). The Rietveld refinement of the HRPD data of this sample is discussed in the next section 5.2.1.2. 
5.2.1.2 Structural Characterization: Refinement of high resolution NPD data 
The approach undertaken for the refinement of the high resolution La1.5Pr1.5Ga4Ge2O14.5 data at 297 K is analogous to the one presented in the previous chapter for La3Ga4Ge2O14.5 and La3Ga3.5Ge2.5O14.75. Firstly the possibility of lowering the symmetry of the cell as a consequence of the accommodation of interstitial oxide ions was tested by a Pawley fit of the data in two different space groups: 321 and 1 (see Table 5-2). All the peaks present in the NPD pattern were indexed in a 321 space group having a very similar goodness of 
fit of  ~1.9 to the one obtained in a 1 geometry. Therefore 321 was retained for further refinement.   Table 5-2 Comparison of the fitting parameters for a Pawley fitting of the NPD La1.5Pr1.5Ga4Ge2O14.5 in  and  space groups.  
Composition HPRD d-spacing 
  
      
La1.5Pr1.5Ga4Ge2O14.5 
0.6-2.6 (b1) 0.8-3.7 (b2) 2.6-7.9 (b3) 
1.98 1.88 1.53 1.86 1.06 0.82 
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 Figure 5-4 NPD Rietveld refinement of La1.5Pr1.5Ge4Ge2O14.5 at 297 K using two different approaches: ( ) Parent model ( = . , = .   and = . ) 
and ( ) the initial refinement  a DFT model ( = . , = .  and  =
. ). Top figures account for the backscattering bank (b1) and the bottom figures for the detector at 90° (b2).  The initial model used for the refinement was the averaged DFT model calculated for La3Ga4Ge2O14.5 in which the A-site occupancy was fixed to 1/2 for La and Pr. At the early stages of the refinement, the occupancies for the framework oxygen sites O1-O3 and those for the new oxygen sites O4-O6 were freely refined so as to test the veracity of the model to describe La1.5Pr1.5Ga4Ge2O14.5. The refined compositions at this early stage of the refinement were in good agreement to the values expected from the model. These results are a good indication supporting the fact that the extra oxygen in La1.5Pr1.5Ga4Ge2O14.5 is also allocated within the pseudo-square based pyramid edge-sharing M2O8 units. Successive steps in the refinement involved fixing the occupancies of O1 and O3. The refinement indicated that these sites were indeed fully occupied and their occupancies were accordingly fixed to 1. On the other hand, restraints were introduced on the occupancies of O2 and O4-O6 with occ < 1, so as to maintain the expected ratios (see 4.2.1.2). Once the restrains were applied, the thermal parameters for all sites (excluding O4 and O6 due to their low occupancies) were refined anisotropically. At the final stage, once a stable refinement with sensible ADPs was achieved the occupancy restraints were removed and refined. The refined oxygen content of 14.37(4) is in good agreement with the nominal composition of 14.25.  The background was fitted using a Chebyshev function with eight polynomials. The peak shape was fitted using a pseudo-Voigt function for bank 3 with a lower resolution and an expanded pseudo-Voigt  function to account for Stephens’ model208 for microstrain broadening  for time-of-flight data in a trigonal geometry in high resolution banks 1 and 2.  The refined atomic coordinates, occupancies and displacement parameters are introduced in Table 5-3 and Table 5-4.  
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Table 5-3 NPD refined fractional atomic coordinates and equivalent isotropic displacement (Å2) parameters in La1.5Pr1.5Ga4Ge2O14.5 at 297 K. 
321 a = 8.22029(5) Å  = 2.475 
 c = 5.02713(3) Å  = 1.027 
 V = 294.188(4) Å3  =2.410 
Site     Occ.  
La1 0.4171(1) 0 0 1.95 0.5 
Pr1 0.4171(1) 0 0 1.95 0.5 
Ga1 0 0 0 1.31 1/3 
Ge1 0 0 0 1.31 2/3 
Ga2 1/3 2/3 0.5286(3) 1.23 1/3 
Ge2 1/3 2/3 0.5286(3) 1.23 2/3 
Ga3 0.7606(1) 0 0.5 1.73 1/3 
Ge3 0.7606(1) 0 0.5 1.73 2/3 
O1 1/3 2/3 0.1788(3) 2.06 1 
O2 0.4655(2) 0.3146(2) 0.3151(4) 1.19 0.653(2) 
O3 0.2170(1) 0.0849(1) 0.7678(3) 2.70 1 
O4 0.292(3) 0.865(2) 0.613(4) 2.9(3) 0.061(2) 
O5 0.839(1) 0.5708(7) 0.285(1) 3.69 0.268(2) 
O6 0.060(1) 0.551(2) 0.574(2) 2.6(2) 0.080(1) 
 Table 5-4 Atomic displacement parameters (Å2).  
Sites U11 U22 U33 U12 U13 U23 
La1/Pr1 0.0229(5) 0.0200(7) 0.0304(8) 0.0100(3) 0 0 
Ga1/Ge1 0.0205(5) 0.0205(5) 0.0089(9) 0.0102(2) 0 0 
Ga2/Ge2 0.0174(3) 0.0174(3) 0.0120(6) 0.0087(2) 0 0 
Ga3/Ge3 0.0241(4) 0.0224(4) 0.0186(6) 0.0121(2) 0 0 
O1 0.0273(7) 0.0273(7) 0.024(1) 0.0137(3) 0 0 
O2 0.0078(7) 0.0189(9) 0.0132(8) 0.0027(7) 0.0019(7) 0.0057(7) 
O3 0.0250(6) 0.0474(8) 0.0298(7) 0.0177(6) 0.005(4) 0.0174(6) 
O5 0.077(3) 0.028(2) 0.030(3) 0.022(2) -0.006(3) 0.000(2) 
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 Figure 5-5 La1.5Pr1.5Ga4Ge2O14.5 at 297 K. Fit of the combined Rietveld refined banks 1 ( ), 2 ( ) and 3 ( ) for the detectors located at 170, 90 and 30 ° respectively.  Fitting of the refined model to the HRPD data b1-b3 presented in Figure 5-5 shows a good match between the observed and calculated profiles with no presence of impurities giving rise to unassigned peaks in the NPD pattern.    Figure 5-6 is showing the La1.5Pr1.5Ga4Ge2O14.5 asymmetric unit cell along the  (a) and -axes (b). In this figure, the M2O7 connectivity is given. The new oxygen sites O4-O6 originated as a consequence of incorporation of extra oxygen are also given in the figure, although no connectivity is shown for these atoms not to overcrowd the figures at a risk of losing perception of the shape and size of the refined ADPs.   
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 Figure 5-6 Plot of the asymmetric unit cell of the refined La1.5Pr1.5Ga4Ge2O14.5 at 297 K along the  (a) and -axes (b).  It is noticeable in Figure 5-6 the change in ADPs’ shapes from the cations with a more circular shape to the oxygen sites, as the later show an elongation along the -  plane. These characteristic shapes are in good agreement with those observed in La3Ga3.5Ge2.5O14.75 analysed at temperatures ranging from 9 to 873K (see ‘VT NPD studies of La3Ga3.5Ge2.5O14.75’ in page 98).     Due to the diffraction techniques limitations previously mentioned (see 4.2.1.3), impeding the clear determination of Ga and Ge distribution along the B-D sites in the refined model presented in Table 5-3 the occupancies of Ga and Ge were fixed to 2/3 and 1/3 values respectively. A more correct assessment of the relative occupancies of these cations is performed in base of the calculated Bond Valence Sum ( ) values. The calculated  for Ga and Ge, in the B sites and in both M2O7 and M2O8 local environments in C and D sites is presented in Table 5-5. The calculated cations’  for the NPD refined La3Ga4Ge2O14.5 at 297K incorporating the same amount extra oxygen ( % = 3.57 ) is also given for 
comparison.  
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Table 5-5 Calculated BVS for all cations in La1.5Pr1.5Ga4Ge2O14.5 in the b1-b3 combined HPRD refined model at 297 K. The BVS calculated values for La3Ga4Ge2O14.5 at 297 K are also given for comparison. 
 La1.5Pr1.5Ga4Ge2O14.5 La3Ga4Ge2O14.5 
La 2.99 2.85 
Pr 2.73 - 
B (1a) 
Ga 3.48 3.32 
Ge 3.51 3.48 
C (3f)     
Ga   
M2O7 3.00 2.99 
M2O8 3.19 3.25 
Average 3.02 3.01 
Ge   
M2O7 3.15 3.14 
M2O8 3.35 3.42 
Average 3.17 3.16 
D (2d)     
Ga   
M2O7 3.71 3.46 
M2O8 3.15 3.53 
Average 3.66 3.46 
Ge   
M2O7 3.90 3.64 
M2O8 3.31 3.70 
Average 3.57 3.64 
 From the inspection of the calculated  for the cations in the NPD refined models for La1.5Pr1.5Ga4Ge2O14.5 and La3Ga4Ge2O14.5 at 297 K it is concluded that the C site would be preferably occupied by Ga in both La1.5Pr1.5Ga4Ge2O14.5 and La3Ga4Ge2O14.5 as averaged  values for this site when fully occupied by Ga equals to 3.02 and 3.01 respectively. On the other hand, the octahedral and smaller 3-connected tetrahedral B and D sites with BVS of approximately ~3.5 suggest a Ga/Ge disorder. Fixing the fractional occupancy of B and D sites to ½, as suggested by BVS, yields La1.5Pr1.5Ga4Ge2O14.5 and La3Ga4Ge2O14.5 matching their nominal compositions.  
5.2.1.3 Conductivity Properties 
5.2.1.3.1 Material processing 
Similarly to the La-langasites introduced in Chapter 4, the Ge-richer La3˗yLnyGa5˗xGe1+xO14+x/2 compositions show lower decomposition temperatures ranging from 1100 °C for  = 0.5  to 800 °C for  = 1.5. For this reason, two different approaches were carried out for the sintering of La3-yLnyGa5-xGe1+xO14+x/2: conventional sintering was feasible for 0 ≤   ≤ 0.3, whereas a fast sintering technique such as Spark Plasma assisted Sintering (SPS) was needed for the Ge-richer 0.5 ≤   ≤  1 range in order to avoid the decomposition of the main langasite phase.      Conventional Sintering of La3-yLnyGa5-xGe1+xO14+x/2 langasites  The sintering of La3-yLnyGa5-xGe1+xO14+x/2 with Ln = Pr, Nd, Sm and Gd by conventional techniques consisting of prolonged firings at high temperatures close to their melting point (~1325-1350 °C) was not a trivial matter. The underlying cause to the added complexity in the densification of La3-yLnyGa5-xGe1+xO14+x/2 was the formation of large voids during the 
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pellets sintering process. Figure 5-7 is showing the polished surface of an ø = 8 mm pellet with a La1.5Pr1.5Ga4.5Ge1.5O14.25  nominal composition synthesized by the Pechini method, with a final annealing step at the high temperature of 1300 °C that was dwell for a duration of 12 hours. This phenomenon was observed for the sintering at  > 1100 °C for all Ln = Pr, Nd, Sm and Gd containing phases.   
 Figure 5-7 Presence of holes in an ø = 8 mm La1.5Pr1.5Ga4.5Ge1.5O14.25 annealed for 12 hours at 1300 °C revealed after polishing  its surface. The initial concentration of the solution of precursors was 6.23 ⨯ 10-3 M.  The morphology of the pellet in Figure 5-7 was investigated in a micron scale in the Scanning Electron Microscope (SEM) (see Figure 5-8). The microstructural SEM analysis revealed the existence of micropores in the La1.5Pr1.5Ga4.5Ge1.5O14.25 pellet obtained by conventional sintering at 1300 °C. The pores are formed by the stacking of needle-like particles in parallel, resembling a staircase that ascends in circles that revolve around an axis. This particle arrangement can be clearly observed in the walls of tunnels running perpendicular to the folio plane (see Figure 5-8 ( − )). Presumably, the stacking of micron-sized needle-like plates in parallel forming tunnels would ultimately generate visible mm-sized voids in Figure 5-7.  
 Figure 5-8  SEM images of a La1.5Pr1.5Ga4.5Ge1.5O14.25 ∅ =    pellet sintered at 1300 °C for 12 hours. The initial concentration of the Pechini precursors was .  ⨯
 .  
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Interestingly, a strong correlation between the concentration of the precursor solution and the final presence of voids in the sintered pellets was noticed. The more concentrated precursor solutions lead to the formation of larger voids in the final sintering step, . ., the concentration of the precursor solution for the pellet in Figure 5-7 was the highest studied of 6.23 ⨯ 10-3 M. To account for this peculiar occurrence, precursor solution with various concentrations ( . . 6.23 ⨯ 10-4, 1.24 ⨯ 10-3 and 3.11 ⨯ 10˗3 M) were produced and studied. The experiment consisted of carrying syntheses in parallel involving the polymerization of the precursor solution with different concentrations at 175 °C followed by the calcination at 600 °C for 60 hours. At this stage, prior to the sintering of the pellets at high temperatures, the particle size and morphology of the powder generated by each batch was studied on the SEM.    The images obtained for the resulting powders of 6.23 ⨯ 10-4 M (a and d), 1.24 ⨯ 10-3  M (b and e) and 3.11 ⨯ 10˗3 M (c and f) starting concentration batches are given in Figure 5-9. An inspection of these images demonstrates an increment in the particle size of the precursor powders with the increase in concentration of the Pechini mother solution.  After a 12 hours sintering step at 1300 °C those samples with initial concentrations of 1.24 ⨯ 10-3 and 3.11 ⨯ 10˗3 M produced sintered pellets containing voids very much alike the ones in Figure 5-7. On the other hand, the more diluted mother solution with a concentration of 6.23 ⨯ 10-
4 M produced a void-free pellet with a satisfactory 92 % density, making this a suitable candidate specimen for AC impedance analysis.  
 Figure 5-9 : SEM images of an initial mixture of reaction with a nominal La1.5Pr1.5Ga4.5Ge1.5O14.25 composition. The initial concentration of the precursor of the reaction increases from 6.23 ⨯  10-4  M (  and ), to 1.24 ⨯  10-3 M (  and ) and 3.11 ⨯ 10-3 M (  and ).  The SEM images were taken on C-free powders calcined at 600 °C for 60 hours. Voids were present in the sintered pellet of the powders , ,  and  whereas  and  were 92 % dense after sintering at 1300 °C for several hours. 
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 To further investigate this phenomenon and clarify whether the formation of voids is merely down to the crystallization process or it is also influenced by the formation of secondary phases, we investigated the phase purity and composition by powder diffraction and elemental analysis in the TEM in samples where the initial concentration of precursors equal to 6.23 ⨯ 10-3  and 6.23 ⨯ 10-4 M. After a final sintering stage involving the annealing of pressed powders at 1300 °C for 12 hours the initial concentrations of 6.23 ⨯ 10-3 and 6.23 ⨯ 10-4 M gave rise to large voids (similar to those shown in Figure 5-7) and a 92 % dense pellet respectively. Interestingly, the EDX and PXRD data collected on ground pellets produced with both 6.23 ⨯ 10-3 M (b) and 6.23 ⨯ 10-4 M ( ) solutions introduced in Figure 5-10 revealed no presence of impurities. The composition of eight crystallites analysed per sample grouped into a tight cluster with an averaged compositions that rounded up to La1.5Pr1.5Ga4.6Ge1.4O14.2 in both samples (b) and (c).  These results support the fact that there are no variations in compositions correlated with the concentration of precursor in the initial mother solution.    
The difference in content in Ge from  = 0.5 in the nominal targeted composition to  ~0.4 in the final analysed composition in samples (b) and (c), could be ascribed to the volatilization of Ge after the long sintering at the high temperature of 1300 °C. As mentioned earlier in this chapter a decrease in the decomposition temperature as the content of Ge ‘ ’ increases was also observed in  ≠ 0 compositions analogously to La3˗yLnyGa5-xGe1+xO14+x/2 where  = 0 (see page 77). To account for the volatilization of germanium with the increase in temperature, a sample belonging to the large batch produced with an initial concentration of 6.23 ⨯ 10-3 M was sintered at the lower temperature of 950 °C for 12 hours. The EDX and PXRD data collected in such sample named (a) are given in Figure 5-10.  The analysed composition in (a) annealed at a lower temperature of 950 °C matches the La1.5Pr1.5Ga4.5Ge1.5O14.25 nominal composition targeted.  A summary of the lattice parameters, density and EDX data analysed is given in Table 5-6 for samples 6.23 ⨯ 10˗3 M annealed at  950 °C ( ) and at 1300 °C ( ) and  6.23 ⨯ 10-4 M annealed at 950 °C ( ).  
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 Figure 5-10 EDX and powder diffraction patterns of three samples with the La1.5Pr1.5Ga4.5Ge1.5O14.25 nominal composition (denoted by a red cross in the phase diagram). Two concentrations of the initial precursor solution 6.23 ⨯ 10-3  (  and ) and 6.23 ⨯ 10-4 M ( ) and two sintering temperatures 950 °C ( ) and 1300 °C (  and )  were evaluated. The averaged EDX compositions are as follows: ( ) La1.50(7)Pr1.5(1)Ga4.5(1)Ge1.50(5)O14.20(3), (b)La1.56(4)Pr1.50(4)Ga4.59(8)Ge1.36(7)O14.18(2) and ( ) La1.54(6)Pr1.45(7)Ga4.6(7)Ge1.40(5)O14.20(2).   Table 5-6 Summary table with the analysed compositions and characteristics of the -  samples in Figure 5-3. 
 (a) (b) (c) 
Stock solution conc. (M) 6.23 ⨯ 10-3 6.23 ⨯ 10-3 6.23 ⨯ 10-4  
Annealing T (°C) 950 1300 1300 
Nominal ‘ ’ 0.5 0.5 0.5 
Actual (EDX) ‘ ’ 0.50(5) 0.36(7) 0.40(5) 
Density (%) - - 92 
 (Å) 8.18977(4) 8.18032(7) 8.1790(1) 
 (Å) 5.06412(4) 5.075273(1) 5.07541(6) 
Volume (Å3) 294.156(4) 294.124(5) 294.037(8) 
 From the inspection of the PXRD patterns presented in Figure 5-10 , there is no evidence for the formation of a secondary phase as a result of the GeO2 volatilization from the mixture of reaction. In order to identify the presence of an amorphous impurity, quantitative X-ray analysis was carried out using LaGaO3 (with similar absorption properties as the main phase and no overlapping peaks) as an internal standard. The quantitative phase 
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refinement revealed no significant amount of amorphous phase content (~2 %). Since such a small % value was obtained from the analysis it is difficult to discriminate whether it is a real value or within the error of the analysis. In any case, valuable insight was gained from these experiments which allowed us to design suitable densification routes for La3˗yLnyGa5˗xGe1+xO14+x/2 ceramics with  ≠ 0 and 0 ≤   ≲  0.4.   The densification process in La3˗yLnyGa5-xGe1+xO14+x/2 was thus optimized by the preparation of initial mixtures of reaction with a concentration of 6.23 ⨯ 10-4 M within the 0 ≤   ≤  0.4 region. The smaller particle size obtained by this route was found to avoid the formation of voids.    Spark Plasma sintering of La3-yLnyGa5-xGe1+xO14+x/2  The SPS protocol was optimized by decreasing the pellet thicknesses to 1-2 mm. Shortening the length of the pellets allowed us to decrease the temperature gradient generated across the length of the pellet during sintering which in turn allowed us to decrease the dwelling time and with it the risk of sample decomposition277.   Some SPS sintered compositions such as La1.5Nd1.5Ga4.5Ge1.5O14.25 and Nd3Ga4.5Ge1. 5O14.25 had densities of 58 %, located at the border-line of the Heidinger approximation effectiveness (showing good results for porosity values of  ~0.4)235. Their conductivity was therefore compared to that of La1.5Nd1.5Ga4.5Ge1.5O14.25 and Nd3Ga4.5Ge1.5O14.25 specimens sintered by conventional methods at 1250 °C for 5 hours having relative densities of 85 and 92 % respectively (see Appendix 7). It is therein demonstrated that the Heidinger corrected measured conductivities of samples with high and poor densities are in good agreement with each other. In La1.5Nd1.5Ga4.5Ge1.5O14.25 the conductivities measured in both pellets only differ by 20 %, which lies within the reproducibility errors calculated for La3Ga4.7Ge1.3O14.15 (  = 0.3) and La3Ga4.5Ge1.5O14.25 (  = 0.5) that were reported in page 112. Moreover, the difference in conductivity between high and low porosity specimens in Nd3Ga4.5Ge1.5O14.25 at 500 °C is even smaller of 5 %. The comparison of the bulk conductivity data at the range of temperatures studied from 350 to 525 °C is given in Appendix 7.  The sintering conditions and PXRD patterns of the SPS-sintered specimens are introduced together with the conductivity results in the following section 5.2.1.3.2 in Table 5-7 and Figure 5-13 respectively. Additionally, the lattice parameters before and after SPS are presented in Appendix 8.  
5.2.1.3.2 AC Impedance Spectroscopy 
Two approaches were carried out for the determination of the conductivity. On the one side, the total conductivity at 500-900 °C was evaluated on fully densified specimens prepared by conventional sintering. On the other side, the bulk conductivity at the lower temperature range 350-500 °C was measured on SPS-sintered specimens with acceptable densities (>60 %). The dielectric constant of these materials with a lower density was corrected by means of the Heidinger approximation and used for the calculation of the conductivity from  at the Modulus plot.    Total Conductivity  Conventionally sintered specimens with the compositions: Ln3Ga5-xGe1+xO14+x/2 and La1.5Ln1.5Ga5-xGe1+xO14+x/2 with Ln = Pr and Nd and  = 0, 0.25 and 0.5 were analysed by AC impedance spectroscopy. The measured conductivities are introduced in Figure 5-11 ( ) and ( ) for Ln3Ga5-xGe1+xO14+x/2 and La1.5Ln1.5Ga5-xGe1+xO14+x/2 respectively. 
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 Figure 5-11 Arrhenius plot of the total conductivity for Ln3Ga5-xGe1+xO14+x/2 (a) and La1.5Ln1.5Ga5-xGe1+xO14+x/2 (b) with Ln = Pr and Nd and  = 0, 0.25 and 0.5. The red line denotes the conductivity of La3Ga4.5Ge1.5O14.25.  Figure 5-11 demonstrates an increase in conductivity of approximately two orders of magnitude from La3-yLnyGa5GeO14 (  = 0) to La3˗yLnyGa4.75Ge1.25O14.125 (  = 0.25) for all compositions. However, and similarly to the trend in conductivity vs /  observed for La3Ga5-xGe1+xO14+x/2 (see page 120) the increase in conductivity is significantly attenuated from  = 0.25 to 0.5, where only a subtle rise of ~ 30 % is observed.  The total conductivity in Figure 5-11 was calculated from the corrected capacitance values extracted from the fitting of the arcs in the complex impedance plane. Figure 5-12 accounts for the complex impedance representations for La1.5Pr1.5Ga5GeO14 (a) and La1.5Pr1.5Ga4.5Ge1.5O14.25 (b). Two arcs are visible in Figure 5-12-a for the parent insulating composition; one attributed to the bulk with a corrected capacitance ( ) of ~10    and a second arc attributed to the grain boundary with  ~10   . In La1.5Pr1.5Ga4.5Ge1.5O14.25, the Warburg electrode response is visible at 500-950 °C (see Figure 5-12-b). At 500 °C, the semi-circular Warburg arc at lower frequencies has a large capacitance value of ≥ 10   . At 900 °C and higher temperatures, the electrode response overtakes the bulk and grain boundary responses which are no longer visible. Thus, at  ≥ 900 °C resistivity values were read from the intercept with the ’˗axis.  
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 Figure 5-12 Complex impedance plots of La1.5Pr1.5Ga5GeO14 ( ) and La1.5Pr1.5Ga4.5Ge1.5O14.25 ( ). The numbers in bold denotes the logarithm of the the frequency of the adjacent data points highlighted in red.  Activation energies were calculated from the slope of the linear fit to the conductivity in the Arrhenius plots for La1.5Ln1.5Ga5-xGe1+xO14+x/2 and Ln3Ga5-xGe1+xO14+x/2 with Ln = Pr and Nd (see Figure 5-11). The calculated values are given in Table 5-7 as well as the pellet densities, sintering conditions, interstitial oxide content and the conductivity values measured at 700 °C.  Table 5-7 Sintering conditions used for the densification of La3-yLnyGa5-xGe1+xO14+x/2, where Ln  = Pr and Nd and  ≤   ≤ . . 
Nominal Composition ρ (%) 
 
(eV) 
Conventional Sintering %   °  (S·cm-1) Temperature (°C) Dwell (h) 
Pr3Ga4.5Ge1.5O14.25 96 1.10 1250 5 1.79 1.27 ⨯ 10-4 Pr3Ga4.75Ge1.25O14.125 80 1.15 1250 5 0.89 8.31 ⨯ 10-5 
Pr3Ga5GeO14 94 1.13 1300 12 - 7.92 ⨯ 10-6 
Nd3Ga4.5Ge1.5O14.25 92 1.08 1250 5 1.79 5.74 ⨯ 10-5 Nd3Ga4.75Ge1.25O14.125 94 1.07 1250 5 0.89 5.64 ⨯ 10-5 
Nd3Ga5GeO14 87 1.17 1300 12 - 2.18 ⨯ 10-6 
La1.5Pr1.5Ga4.5Ge1.5O14.25 92 1.11 1250 5 1.79 1.50 ⨯ 10-4 La1.5Pr1.5Ga4.75Ge1.25O14.125 88 1.10 1250 5 0.89 9.55 ⨯ 10-5 
La1.5Pr1.5Ga5GeO14 80 1.15 1300 12 - 2.04 ⨯ 10-6 
La1.5Nd1.5Ga4. 5Ge1. 5O14.25 85 1.13 1250 5 1.79 9.55 ⨯ 10-5 La1.5Nd1.5Ga4.75Ge1.25O14.125 85 1.07 1250 5 0.89 6.12 ⨯ 10-5 
La1.5Nd1.5Ga 5GeO14 78 1.10 1300 12 - 8.84 ⨯ 10-7 
 To ensure that the samples survived the experimental conditions, PXRD patterns of the powdered samples were collected and analysed which are introduced in Figure 5-11. These patterns show no formation of impurities during sintering and impedance experiments with the exception of Nd3Ga5GeO14 and La1.5Nd1.5Ga5GeO14 where Nd3Ga5O12 and an unidentified impurity phase (constituting 2-5 % of the relative intensity) were identified. A table with the lattice parameters determined by a Pawley fitting of the PXRD data collected in powdered samples before and after sintering and conductivity experiments are given in Appendix 8 
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 Figure 5-13 Post-Measurement PXRD patterns of those samples described in Table 5-7 collected in a Bruker diffractometer with a Cu source ( , = 1.5406 Å). The square and triangle symbols denote impurity phases. The square symbol accounts for Nd3Ga5O14 with a garnet structure, and the phase denoted with a triangle was not identified.  
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 Bulk conductivity  As stated in the introduction, the analysis of the bulk conductivity was carried out using an Agilent E4980 LCR meter and the range of temperatures studied was determined by this instrument. Typically, the peak maximal at the ’’ plot was visible up to ~550 °C and the bulk conductivity was evaluated from 350 up to ~550 °C. Conductivity values calculated this way are represented in Figure 5-15  
 Figure 5-14 (a) Arrhenius plot of the bulk conductivity for several La3˗yLnyGa5˗xGe1+xO14+x/2 where Ln = Pr and Nd sintered by SPS. ( ) Bulk conductivity at 500 °C vs / , where the maxima corresponds to / = .  in La3-yLnyGa4.5Ge1.5O14.25 (  = 0.5).  A significant contribution to the grain boundary was observed in the complex impedance plots of those samples in Figure 5-14 - see the elongation of the impedance arcs in Figure 5-15- . Due to the fact that the arc associated to the bulk is masked by grain boundary contributions, the reading of the resistance value from the intercept with the ’-axis is impeded. However, grain boundary and bulk contributions can be separated with the combined use of ′′ and ’’ vs   plots as shown in Figure 5-15.  
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 Figure 5-15 (a) Complex impedance plane for La1.5Nd1.5Ga5-xGe1+xO14+x/2 with  =1 (black), 0.75 (blue) and 0.5 (red) at 500 °C. The log values of the frequencies are indicated with arrows. (b) Impedance and modulus spectra are denoted by open and filled symbols respectively, also at 500 °C.  Table 5-8 Sintering conditions and conductivity for the samples presented in Figure 5-14. 
Nominal Composition ρ (%)  (eV) 
SPS Sintering %   °  (S·cm-1) T(°C) Dwell (min) 
La1.5Pr1.5Ga4Ge2O14.5 70 1.22 1000 5 3.57 1.32 ⨯ 10-5 
La1.5Pr1.5Ga4.5Ge1.5O14.25 88 1.16 1000 5 1.79 2.25 ⨯ 10-5 
Pr3Ga4.5Ge1.5O14.25 74 1.10 1000 5 1.79 1.42 ⨯ 10-5 
Pr3Ga4.75Ge1.25O14.125 80 1.19 * 0.89 9.87 ⨯ 10-6 
La1.5Nd1.5Ga4Ge2O14.5 72 1.20 1000 5 3.57 6.84 ⨯ 10-6 
La1.5Nd1.5Ga4.25Ge1.75O14.375 81 1.18 1000 5 2.68 8.65 ⨯ 10-6 
La1.5Nd1.5Ga4.5Ge1.5O14.25 58 1.18 1000 5 1.79 1.38 ⨯ 10-5 
Nd3Ga4.25Ge1.75O14.375 79 1.08 1000 5 2.68 9.42 ⨯ 10-6 
Nd3Ga4.5Ge1.5O14.25 58 1.18 1000 5 1.79 1.02 ⨯ 10-5 
Nd3Ga4.75Ge1.25O14.125 94 1.17 * 0.89 5.55 ⨯ 10-6 
* Dense samples where  = 0.25 were prepared by the conventional sintering method involving the heating at high temperatures specified in Table 5-7.   The Arrhenius plot of the bulk conductivity for La3-yLnyGa5-xGe1+xO14+x/2 with Ln = Pr and Nd and  = 3 and 1.5 demonstrates a decrease in conductivity with the incorporation of smaller-sized Ln cations. For the same interstitial content of % = 1.79 the conductivity 
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La3˗yLnyGa5-xGe1+xO14+x/2 systems as in La3Ga5-xGe1+xO14+x/2 the conductivity is maximum at 
/ = 0.0833.  The samples studied by AC impedance were analysed after these experiments and the PXRD patterns are presented in Figure 5-18. A small amount of a LaGaGeO5 impurity phase (5 % of the relative intensity) is present in those specimens with  > 0.5 due to the increase of the temperature above  during the sintering process, which took place at 1000 °C 
(see Table 5-8). The lattice parameters of the main langasite phase determined by Pawley fitting match the pre-sintering values suggesting that there is no change in composition in the majority phase and the reported values for the conductivity are ascribed to the compositions reported.   
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 Figure 5-16 Post-Measurement PXRD patterns collected in a Bruker diffractometer with a Cu source ( , = 1.5406 Å). The square symbols denote a LaGaGeO5 impurity (see page 75) formed during the sintering process.   
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 Characterization of the change in conductivity with the size of Ln for constant 
/ :  Herein, the conductivity of La1.5Ln1.5Ga4.5Ge1.5O14.25 (Ln = La, Pr, Nd, Sm, Gd) and La2LnGa4Ge2O14.5 (Ln = La, Pr, Sm, Gd) is presented in Figure 5-17 and Table 5-9. Such a study allows us to further asses the decrease in conductivity coupled to the decrease in size of the Ln cation at two /  concentrations of 0.083 and 0.167. In both Figure 5-17 and Table 5-9, the bulk conductivity for the formerly introduced La3Ga4.5Ge1.5O14.25 and La3Ga4Ge2O14.5 are also given for comparison.    
 Figure 5-17 Arrhenius plot of the bulk conductivity in ( ) La1.5Ln1.5Ga4.5Ge1.5O14.25 (Ln = Pr, Nd, Sm, Gd) and ( ) La2LnGa4Ge2O14.5 (Ln = Pr and Sm .The red lines denote the bulk conductivity of La3Ga4.5Ge1.5O14.25 and La3Ga4Ge2O14.5 in (a) and (b) respectively. The conductivity at 500 °C (black symbols) and activation energy in eV (red) as a function of the Ln3+ cation size is given in ( ) and ( ) for La1.5Ln1.5Ga4.5Ge1.5O14.25 and La2LnGa4Ge2O14.5.  In La1.5Ln1.5Ga4.5Ge1.5O14.25 (see Figure 5-17- ), the maximum conductivity is shown by the larger Ln = La and Pr atoms. A decrease in conductivity from ~2 ⨯ 10˗5 S·cm-1 when Ln3+ = La-Nd to ~5 ⨯ 10-6 S·cm-1 for the smaller Sm and Gd is observed. The activation energies given in Figure 5-17-  remain constant for the compositions analysed, with the variation 
between values being of a negligible ∆ 0.03 .   The correlation between conductivity and Ln3+ size was also investigated in La2LnGa4Ge2O14.5 with a higher concentration of interstitials of / = 0.167. The Arrhenius plot of the conductivity given in Figure 5-17-b and the plot of the conductivity and activation energy as a function of the atomic radii at 500 °C in Figure 5-17-d demonstrate of a decrease in conductivity with the smaller Ln3+ size from 1.58 ⨯ 10˗5 S·cm˗1 
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in La3Ga4Ge2O14.5 to 7.07 ⨯ 10-6 S·cm-1 in La2GdGa4Ge2O14.5 and no significant impact on the activation energy.   Table 5-9 SPS Sintering conditions activation energy in eV and conductivity of the compositions presented in Figure 5-17. For all samples a ramp rate of 200° min-1 was used and a pressure of 50 MPa with the exception of La3Ga4Ge2O14.5 where the pressure was increased up to 550 MPa. 
Nominal Composition ρ (%)  (eV) 
SPS Sintering %   °  (S·cm-1) T(°C) Dwell (min) 
La3Ga4.5Ge1.5O14.25 97 1.18 1100 10 1.78 2.44 ⨯ 10-5 
La1.5Pr1.5Ga4.5Ge1.5O14.25 88 1.16 1000 5 1.78 2.25 ⨯ 10-5 
La1.5Nd1.5Ga4.5Ge1.5O14.25 58 1.18 1000 5 1.78 1.38 ⨯ 10-5 
La1.5Sm1.5Ga4.5Ge1.5O14.25 94 1.17 1000 5 1.78 4.49 ⨯ 10-6 
La1.5Gd1.5Ga4.5Ge1.5O14.25 58 1.15 1000 5 1.78 4.51 ⨯ 10-6 
La3Ga4Ge2O14.5* 97 1.18 850 5 3.57 1.58 ⨯ 10-5 
La2PrGa4Ge2O14.5 92 1.22 1050 4 3.57 1.20 ⨯ 10-5 
La2SmGa4Ge2O14.5 61 1.22 1000 5 3.57 8.53 ⨯ 10-6 
La2GdGa4Ge2O14.5 81 1.19 1050 4 3.57 7.07 ⨯ 10-6 
* La3Ga4Ge2O14.5 was sintered in a double acting die at a pressure of 550 MPa. See 2.2.3.1 for details.  The post-AC impedance measurements purity checks carried out in powdered specimens are given in Figure 5-18. The PXRD patterns of the Ge-richer La2LnGa4Ge2O14.5 compositions 
with a lower decomposition temperature  ~900 ℃ show a minor impurity phase 
with a LaGaGeO5 composition formed during the sintering process that took place at 
1050 °C >  . 
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 Figure 5-18 Post-Measurement PXRD patterns collected in a Bruker diffractometer with a Cu source ( ,  = 1.5406 Å) in La1.5Ln1.5Ga4.5Ge1.5O14.25 and La2LnGa4Ge2O14.5. The square symbols denote a LaGaGeO5 impurity phase. 
5.2.2 La3Ga5-x-yAlyGe1+xO14+x/2 and La3Al5-xGe1+xO14+x/2 
5.2.2.1 Synthesis Outcome 
The annealing temperature was optimized to 900 °C for those La3Al5-xGe1+xO14+x/2 with 0≤ 1. Increasing the synthetic temperature from 900 °C to 950 °C lead to the formation of LaAlO3 as an impurity. The decomposition temperature in La3Al5-xGe1+xO14+x/2 was found to vary as a function of the dopant level ‘ ’. The Ge-richer systems for which  > 1 decomposed at 900 °C to form a langasite and a minority LaAlO3 phase and the synthetic temperature was lowered to 850 °C in 1 ≤ 1.5.  As shown in Figure 5-19 the cell parameters for La3Al5-xGe1+xO14+x/2 obey Vegard’s law within the 0 1.5  region – incorporating the same amount of extra oxygen as the Ga analogue (% = 5.36).  
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 Figure 5-19 ( ) Observed trend in the lattice parameters for La3Al5-xGe1+xO14+x/2 ( ≤≤ . ). The a lattice parameter is denoted by black squares and c by red circles. ( ) 
PXRD patterns measured in a Bruker D8 Advance diffractometer ( , = .  Å) show a shift in the Bragg peaks with the change in compositions with no presence of peaks attributed to impurity phases.  Several La3Ga5-x-yAlyGe1+xO14+x/2 compositions were synthesized with various Ga:Al ratios with 0 ≤ ≤ 1. The mixing of Ga and Al on the B, C and D sites decrease the extent of the substitution of M3+ for Ge4+ with respect to La3Ga5-xGe1+xO14+x/2 and La3Al5˗xGe1+xO14+x/2 with 0 ≤ ≤ 1.5. In La3Ga(5-x)/2Al(5-x)/2Ge1+xO14+x/2 a La4Ge4O14 ( 1) secondary phase was formed for  > 1.  
5.2.2.2 Structural characterization: I11 and GEM combined refinement 
This section deals with the characterization of La3Al5-xGe1+xO14+x/2 with =0, 1 and 1.5 by means of high-intensity neutron (GEM) and Synchrotron (I11) diffraction at room temperature. To test the lowering of the symmetry as a consequence of the interstitial accommodation the Pawley fitting of the data collected in I11 and GEM was performed in two different space groups:  321  and 1  which provided a good fit of the data (see Appendix 3). The calculated fitting parameters for both space groups (given in Table 5-10) are very similar between the two, therefore the geometry of the parent langasite 321 was retained for further refinement.  
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Table 5-10 Comparison of the ,  and  parameters for a Pawley fitting of 
La3Al5GeO14, La3Al4Ge2O14.5 and La3Al3.5Ge2.5O14.75 at 297 K in  and  space groups with the high resolution SXRD data acquired at I11 and combined b5 and b6 NPD data acquired at GEM. 
La3Al5-xGe1+xO14+x/2 ‘ ’ %  Data set 
  
      
La3Al5GeO14  = 0 - 
I11 2.680 6.454 1.924 4.945 0.415 0.389 
b5-b6 (GEM) 
2.148 1.883 2.322 2.200 1.140 1.055 
La3Al4Ge2O14.5  = 1 3.57 
I11 1.092 4.431 0.930 3.937 0.246 0.236 
b5-b6 (GEM) 
2.450 1.950 1.805 1.541 1.233 1.171 
La3Al3.5Ge2.5O14.75  = 1.5 5.36 
I11 1.613 5.311 1.109 3.810 0.304 0.291 
b5-b6 (GEM) 
2.294 1.854 1.902 1.524 1.237 1.260 
 The refinement of the GEM data in doped La3Al4Ge2O14.5 and La3Al3.5Ge2.5O14.75 from a DFT averaged model improved the goodness of the refinement ( . . the goodness of the fit for La3Al3.5Ge2.5O14.75 improved from = 3.07 when using the parent model to = 2.43, see Figure 5-20). On the other hand, the refinement of the I11 data in doped langasites show no differences when using the parent model or the DFT model as a starting point. This can be justified in terms of inefficiency of X-rays to locate oxygen in the presence of heavier elements. A comparison between the two fits is given in Figure 5-21.   The lattice parameters, and refined background and peak-shape functions used in the initial model of the Rietveld refinement were obtained via Pawley fitting of the data. The initial atomic positions were taken from the DFT averaged model for La3Ga4Ge2O14.5 where the Ga was replaced by Al for doped La3Al4Ge2O14.5 and La3Al3.5Ge2.5O14.75 compositions. The atomic positions used in the initial model of La3Al5GeO14 were those of La3Ga5GeO14 where again Ga was replaced by Al. At an initial stage of the refinement the distribution of Ge and Al was unknown and these two cations were evenly distributed amongst the B-D sites.  Initially, the NPD (combined refinement using the data collected on the 6 banks at GEM) and SXRD data sets were refined separately and once a good fit to the data was obtained both NPD and SXRD data sets were combined. Due to the fact that the goodness of fit of the model calculated by Rietveld using I11 data (  = 5.224 in La3Al3.5Ge2.5O14.75) approached the fit obtained with Pawley (  = 5.311 in La3Al3.5Ge2.5O14.75), we directed our efforts to first improve the refinement of GEM data. To this end, a parallel refinement strategy to the one followed in La3Ga4Ge2O14.5 (  = 1) and La3Ga3.5Ge2.5O14.75 (  = 1.5) based on the DFT model introduced in Chapter 4 was conducted for the refinement of La3Al4Ge2O14.5 and La3Al3.5Ge2.5O14.75 NPD data sets.    
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 Figure 5-20 Comparison between the two fits of the banks 6 and 5 of GEM with the higher resolution obtained when using ( ) the parent model and ( ) the DFT averaged model as starting point of the Rietveld refinement of La3Al3.5Ge2.5O14.75 at 297 K.  The errors given account for the combined refinement of banks 1-6 as well as the ones obtained separately for banks 5 and 6.  
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 Figure 5-21 Comparison between the two fits of the I11 data of La3Al3.5Ge2.5O14.75 obtained when using ( ) the parent model and ( ) the DFT averaged model as starting points of the refinement.   Firstly, the scale factor,  (for banks 1-5),  (for banks 1-6) functions in GEM and zero shift in I11, and lattice parameters were refined. The refinement of La, Al and Ge atomic sites and occupancies was done on the first place and the oxygen atoms were included afterwards. Because of the lower resolution of the GEM diffractometer with respect to HRPD the split of the O2 site could not be carried out with the available data. In the refinements here presented for doped La3Al5˗xGe1+xO14+x/2 materials a total of five oxygen sites were identified which are: the framework oxygen O1-O3 and two new oxygen sites O4 and O5 which constitute the edges of the M2O8 unit. A chemically plausible environment was set with the inclusion of these two oxygen sites that account for the displaced O2 and the interstitial, as predicted by the DFT-averaged model. Moreover an oxygen saturated La3AlGe5O16258 langasite is also known having the same structure of La3GaGe5O16 formerly introduced in Chapter 4. The geometry of the (Al, Ge)2O8 dimers found in La3Al4Ge2O14.5 and La3Al3.5Ge2.5O14.75 are introduced in Appendix 5.  Due to the Al/Ge disorder amongst the B, C and D sites their occupancies were enforced to add up to one so each site is fully occupied and their relative ratio was refined. The fractional occupancies of oxygen O3 and O1 refined to values close to unity so their occupancies were fixed to one. Further constraints inputted on an early stage of the refinement accounted for 
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the equalization of the refined extra oxygen to the incorporated germanium so that refined compositions were charge-balanced.   After refining each symmetry allowed atomic site, the thermal parameters for all cations as well and the framework oxygen (O1-O3) were refined anisotropically. The thermal parameters for the La, B and D cation sites were spherical and ADPs were reverted to  in 
order to reduce the number of refined variables. An elongation of the refined ADP ellipsoid 
towards O5 was observed for the C site and  were kept for this site in the final model. Due to the low occupancies of the oxygen sites conforming the shared edge within the M2O8 unit (O4 and O5) their thermal parameters were refined isotropically.  The high refined  
values 2-4 Å-2 for O4 and O5 are an indication of the disorder associated to these sites107.  At this stage the fit on the NPD refinement improved from the reported values in Figure 5-20: 
 = 3.908,  = 1.607,  = 2.432, to  = 3.457,  = 1.607,  = 2.147. Since a 
good fit to the data was achieved separately with both NPD and SXRD data sets (see Appendix 9), they were combined into one refinement. Other than the presence of O4 and O5 that SXRD data was unable to identify there were no differences between the two models. The combination of the two data sets in the refinement was followed by the elimination of the restraints that were forced into the refinement at an early stage. No other phases were added to the refinements as no extra peaks accounting for impurity phases or vanadium (the can used for the NPD experiments was made of this material) were observed. A Chebysev function with twelve polynomials was refined for each NPD bank and SXRD background and pseudo-Voigt functions were used to model the peak-shape.   The refined compositions are La3Al4.98(2)Ge1.02(2)O14, La3Al4.02(2)Ge1.98(2)O14.49(4) and La3Al3.58(1)Ge2.42(1)O14.64(4) which are in good agreement with the nominal values. The refined occupancies are given in Table 5-11. In this table, only the occupancies of aluminium sites are presented, since germanium occupancies are given by the difference to make the B, C and D sites fully occupied. Likewise, the occupancies of lanthanum, O1 and O3 fixed to 1 in the refinements are not given.   Table 5-11 Refined occupancies of the combined I11 and GEM (b1-b6) refinements of La3Al5-xGe1+xO14+x/2 with  = 0, 1 and 1.5 at 297 K. Refined occupancies Refined compositions Al1 (B site) Al2 (D) Al3 (C) O2 O4 O5 
0.839(5) 0.843(5) 0.817(3) 1  La3Al4.98(2)Ge1.02(2)O14 
0.787(4) 0.756(4) 0.578(3) 0.933(3) 0.081(2) 0.068(2) La3Al4.02(2)Ge1.98(2)O14.49(4) 
0.823(3) 0.713(3) 0.442(2) 0.888(2) 0.113(2) 0.104(2) La3Al3.58(1)Ge2.42(1)O14.64(4) 
 The visual fits of the combined refinement for all three compositions are given in Figure 5-22 (La3Al5GeO14), Figure 5-23 (La3Al4Ge2O14.5) and Figure 5-24 (La3Al3.5Ge2.5O14.75) and all the refined atomic parameters are introduced in Table 5-12.   
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 Figure 5-22 Fit of the combined SXRD (a) and NPD (b) refinement of La3Al5GeO14 at 297 K. Three inset plots show expanded regions of the SXRD pattern in (a). 
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 Figure 5-23 Fit of the combined SXRD ( ) and NPD ( ) refinement of La3Al4Ge2O14.5 at 297 K.  
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 Figure 5-24 Fit of the combined SXRD ( ) and NPD ( ) refinement of La3Al3.5Ge2.5O14.75 at 297 K.  Table 5-12 Refined structural parameters for La3Al5-xGe1+xO14+x/2 where  = 0, 1 and 1.5 at 297 K. 
Parameter La3Al5-xGe1+xO14+x/2 
 0 1 1.5 
Rwp 2.432 1.321 1.663 Rexp 0.483 0.299 0.373  (Å) 8.10288(5) 8.16048(5) 8.1974(3) 
c (Å) 4.97459(4) 4.94172(4) 4.91674(2) 
V (Å3) 292.854(4) 284.997(4) 286.127(2) 
La1 (3e),(x, 0, 0) 
x 0.41763(3) 0.4172(1) 0.41567(4) 
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OCC 1 1 1 
Beq (Å2) 0.547(7) 0.80(1) 1.16(1) Al1 (1a), (0, 0, 0)  
OCC 0.839(5) 0.787(4) 0.823(3) 
Beq (Å2) 0.80(7) 1.13(7) 1.27(7) Al2 (2d), (1/3,2/3,z) 
z 0.4694(8) 0.5278(5) 0.5269(6) 
OCC 0.843(5) 0.756(4) 0.713(3) 
Beq (Å2) 0.68(3) 1.25(5) 1.02(5) Al3 (3f), (x, 0, 0.5) 
x 0.7618(2) 0.7555(2) 0.7528(1) 
OCC 0.817(3) 0.578(3) 0.442(2) 
U11 0.0090(5) 0.0209(8) 0.0170(7) U22 0.0090(5) 0.0209(8) 0.0170(7) U33 0.010(1) 0.005(1) 0.017(1) U12 0.0045(2) 0.0209(8) 0.0085(3) U13 0 0 0 U23 0 0 0 O1 (2d), (1/3,2/3,z) 
z 0.8209(7) 0.1739(4) 0.1694(4) 
OCC 1 1 1 
U11 0.013(4) 0.0144(8) 0.0130(7) U22 0.013(4) 0.0144(8) 0.0130(7) U33 0.014(7) 0.009(1) 0.0039(9) U12 0.007(2) 0.0144(8) 0.0065(3) U13 0 0 0 U23 0 0 0 O2 (6g), (x, y, z) 
x 0.4559(4) 0.4562(2) 0.4546(2) 
y 0.3010(3) 0.3002(2) 0.2956(2) 
z 0.6680(4) 0.3284(3) 0.32473() 
OCC 1 0.933(3) 0.888(2) 
U11 0.003()1 0.0040(7) 0.006(1) U22 0.015(9) 0.0248(9) 0.021(2) U33 0.012(7) 0.0054(6) 0.012(1) U12 0.00255 0.0070(7) 0.003(1) U13 -0.002(8) 0.0022(6) 0.002(1) U23 0.000(6) 0.0092(7) 0 O3 (6g), (x, y, z) 
x 0.0863(2) 0.2156(1) 0.2154(2) 
y 0.2153(2) 0.0899(1) 0.0922(2) 
z 0.7687(3) 0.7662(3) 0.7671(3) 
OCC 1 1 1 
U11 0.027(6) 0.0133(7) 0.007(1) U22 0.018(5) 0.0220(9) 0.022(1) U33 0.017(5) 0.0084(7) 0.005(1) U12 0.014(5) 0.0048(8) -0.004(1) U13 0.008(4) 0.0047(5) 0.0031(7) U23 0.005(3) 0.0122(6) 0 O4(6g), (x,y, z) 
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x           
0.452(2) 0.447(2) 
y 0.516(2) 0.528(2) 
z 0.475(3) 0.501(2) 
OCC 0.081(2) 0.113(2) 
Beq (Å2) 2.7(3) 2.4(2) O5(6g), (x, y, z)  
x           
0.388(2) 0.415(1) 
y 0.140(2) 0.135(2) 
z 0.426(3) 0.408(2) 
OCC 0.068(2) 0.104(2) 
Beq (Å2) 3.4(7) 3.9(4)  The visual plot of the asymmetric unit cell of La3Al5GeO14 (  = 0), La3Al4Ge2O14.5 (  = 1) and La3Al3.5Ge2.5O14.75 (  = 1.5) is given in Figure 5-25. It should be noticed that the ellipsoids of the oxygen atoms are elongated along the -  plane. Furthermore, the increase in the dopant content from  = 0 to 1.5 seems to flatten the O1-O3 ellipsoids along this this direction. 
 Figure 5-25 Asymmetric unit cell of La3Al5-xGe1+xO14+x/2 for  = 0, 1 and 1.5 along  and  axes. The ellipsoids represent a 50 % of probability. 
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 To validate the final models, the Bond Valence Sum (BVS) values for the cations were calculated, which are introduced in Table 5-13. The calculated BVS are in good agreement with the expected valences of 3 for La and Al and 4 for Ge.  In the parent La3Al5GeO14 material there is an even distribution of Al and Ge in a 4:1 ratio amongst the three B-D sites. When an extra amount of germanium is incorporated in La3Al4Ge2O14.5 it is preferably substituted in the fully connected tetrahedral C site where the ratio between the two cations becomes 3:2 while it remains approximately equal to 4:1 in the remaining B and D sites. Further incorporation of Ge in La3Al3.5Ge2.5O14.75 substitutes Al3+ in C, where the ratio between Al:Ge is inverted with respect to  = 1 and becomes 2:3. This is opposite to the observation made in Ga˗langasites, where upon doping Ge preferably substitutes Ga in the octahedral B and smaller tetrahedral D sites.   In both La3M3+5-xGe1+xO14+x/2 for M = Al and Ga, the M3+ cations alternate with Ge4+ to form a (M/Ge)2O8 unit so that M3+ and Ge4+ are intercalated amongst B-D sites rather than adjacent to each other.   Table 5-13 Calculated BVS for the combined GEM and I11 refinements of La3Al5GeO14 (  = 0), La3Al4Ge2O14.5 (  = 1) and La3Al3.5Ge2.5O14.75  (  = 1.5) at room temperature. 
Parameter La3Al5-xGe1+xO14+x/2 
 0 1 1.5 
A La 2.81 2.87 2.94 
B (1a) 
Al  3.00 2.92 2.94 
Ge  3.90 3.79 3.82 
C (3f)     
Al 
M2O7 3.01 2.96 2.98 
M2O8  3.30 2.64 Average 3.00 2.94 
Ge 
M2O7 3.92 3.86 3.88 
M2O8  4.29 3.43 Average 3.91 3.82 
D (2d)     
Al 
M2O7 3.17 3.06 2.96 
M2O8  3.13 3.28 Average 3.07 3.00 
Ge 
M2O7 4.11 3.98 3.85 
M2O8  4.07 4.28 Average 3.99 3.90 
 3.08 3.04 3.01 
 3.89 3.82 3.75 
 
5.2.2.3 Conductivity Properties 
The fact that Al-langasites formed a LaAlO3 impurity when heated at ≥ 950 ° C demanded a careful processing of these materials into suitable specimens with acceptable densities (ρ ≳ 60 %) and high purities introduced in 5.2.2.3.1. The conductivity of these specimens was determined by AC impedance spectroscopy in 5.2.2.3.2.   
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5.2.2.3.1 Material processing: Reactive SPS-sintering  
La3Al5˗xGe1+xO14+x/2 with  = 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 1 were simultaneously synthesized and sintered by SPS278,279. Mixtures of La3Al5˗xGe1+xO14+x/2 precursors were routinely prepared by Pechini but the final sintering step was lowered below the optimal temperature  
= 900 °C to 850 °C for  = 0, 0.5 and 1 and to an even lower temperature of 800 °C for 
0 ≤ ≤ 0.4. These routes led to samples with poor crystallinity at 850 °C (see Figure 5-28) and to amorphous mixture of reactants at 800 °C (see Figure 5-27).  After SPS, the latter amorphous mixture of reactants produced pellets with higher densities (80˗97 %) than the precursors pre-sintered at 850 °C, which produced lower density pellets (50-60 %). The cross section of a fractured 88 % dense pellet with a La3Al4.8Ge1.2O14.1 nominal composition was analysed in the Scanning Electron Microscope (SEM). Figure 5-26 shows good connectivity between small-sized grains (~1 μm) which are commonly obtained in SPS174.  The sintering temperatures were lowered from 1050 to 1000 °C for Ge-richer La3Al5˗xGe1+xO14+x/2 compositions with  ≥ 0.4. Additionally, a lower sintering temperature of 1000 °C was also used in La3Al5GeO14 (  = 0). A small amount of a LaAlO3 impurity (~4 % of the relative intensity) were observed in the PXRD patters of La3Al5˗xGe1+xO14+x/2  0 ≤  ≤ 0.3 after SPS (see Figure 5-27 and Figure 5-28). The trend in the lattice parameters calculated by Pawley fitting of the PXRD patterns in Figure 5-27 and Figure 5-28 is depicted in Figure 5-29, which shows an increase in , and decrease in  lattice parameters with an overall increase in the cell volume with the incorporation of Ge.   
 Figure 5-26 SEM images of the SPS synthesized and sintered 88 % dense pellet with a La3Al4.8Ge1.2O14.1 (  = 0.2) nominal composition coated with Au. 
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 Figure 5-27 PXRD patterns of La3Al5˗xGe1+xO14+x/2 (  = 0.1, 0.2, 0.3 and 0.4) samples pre-treated at 800 °C for 12 h (blue) and after undergoing a combined SPS synthesis and sintering process (red). SPS cycles involved heating the samples at 1050 °C  for 5 min for .  ≤   ≤  .  and at 1000 °C for 4 min for   = 0.4, while simultaneously applying a pressure of 50 MPa. Sintering conditions and densities are specified in Table 5-14. Black filled squares denote a LaAlO3 impurity.  
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 Figure 5-28 PXRD patterns of La3Al5˗xGe1+xO14+x/2 (  = 0, 0.5 and 1) samples pre-treated at 850 °C for 12 h (blue) and after undergoing a combined SPS synthesis and sintering process (red) involving heating at 1000 °C for 5 min under a pressure of 50 MPa. Sintering conditions and final densities are specified in Table 5-14. Black filled squares denote a LaAlO3 impurity.   Additionally, La3Ga5˗x˗yAlyGe1+xO14+x/2 compositions were prepared by Pechini at 850 °C and SPS sintered. All the sintering conditions and final densities for La3Al5˗xGe1+xO14+x/2 and La3Ga5˗x˗yAlyGe1+xO14+x/2 are listed in Table 5-14 presented in the following section 5.2.2.3.2 along with their conductivity and activation energies in eV determined by AC impedance.   
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 Figure 5-29 Trend in  and  lattice parameters (a) and cell volume (b) determined by Pawley fitting of SPS synthesized La3Al5˗xGe1+xO14+x/2 (0 ≤  ≤ 1). The errors acccount for 1  e.s.d.   
5.2.2.3.2 AC Impedance Spectroscopy 
  La3Al5-x Ge1+xO14+x/2  Figure 5-30-a shows the bulk conductivity data at 350-600 °C acquired in La3Al5˗xGe1+xO14+x/2 with 0 ≤ ≤ 1  (see 2.3.3.2 for details on the method used for the calculation of the bulk conductivity). This data allowed us to assess the mobility of the interstitial oxide ions in the Al-langasite by the representation of the bulk conductivity at 500 °C vs /   in Figure 5-30-b. This figure demonstrates an increase in conductivity from 3.07 ⨯ 10-8 S·cm-1 in La3Al5GeO14 ( = 0 ) to 2.94⨯10-6 S·cm-1 in La3Al4.8Ge1.2O14.1 ( = 0.2 ) at 500 °C. However, for > 0.2  the conductivity slightly decreases to ~1 ⨯ 10-6 S·cm-1 and plateaus.   It is therefore demonstrated that the conductivity displayed by Al-langasites is lower than that of their Ga-analogues. The conductivity of La4.5Ga4.5Ge1.5O14.25 ( = 0.5) denoted by a red line in Figure 5-30-a lies one order of magnitude above the most conductive La3Al4.8Ge1.2O14.1 ( = 0.2). The interstitial saturation in Al-langasites is reached at 0.03 ≤
/  0.05, whereas this value corresponds to a higher 0.083 in Ga-langasites.  
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 Figure 5-30 (a) Arrhenius plot of the bulk conductivity of La3Al5˗xGe1+xO14+x/2. The conductivity of La3Ga4.5Ge1.5O14.25 (  = 0.5) is given in a solid red line for comparison. (b) Bulk conductivity at 500 °C vs the concentration of oxygen interstitial per channel ( / = / ). The red line in (b) accounts for La3Ga5˗xGe1+xO14+x/2.  The bulk conductivity values were extracted from the combined use of the ’’ and ’’vs frequency plots given in Figure 5-31-b. This plot allowed us to discriminate between the bulk and grain boundary components which are otherwise merged into one depressed semi-circle in the complex impedance plot (see Figure 5-31-a). Due to the poor density of these specimens the total conductivity values extracted from the arcs attributed to grain boundaries in the complex impedance plane are not meaningful.  
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 Figure 5-32 Arrhenius plot of the bulk conductivity of La3Al(5-x)/2Ga(5-x)/2Ge1+xO14+x/2 (a) and La3Ga4.5˗yAlyGe1.5O14.25 (b). La3Ga4.5Ge1.5O14.25 is denoted by a soild red line in both graphs.  Firstly, the Al:Ga ratio was held constant and equal to 1:1 in La3Ga(5-x)/2Al(5-x)/2Ge1+xO14+x/2 and the conductivity of four samples with different dopant content (  = 0.15, 0.3, 0.5 and 1) was investigated. The measured conductivities were found to gradually increase from  = 0.15 to 0.3 and up to the most conducting composition of La3Ga2.25Al2.25Ge1.5O14.25 (  = 0.5) having a conductivity of 1.11 ⨯ 10-5 S·cm-1 at 500 °C, close to the maximum value of 2.29 ⨯ 10-5 S·cm-1 reached by La3Ga4.5Ge1.5O14.25, with also  = 0.5. In La3Ga2Al2Ge2O14.5 (  = 1), where the concentration of oxygen interstitials is doubled, the conductivity is decreased by one order of magnitude to 2.48 ⨯ 10-6 S·cm-1 at 500 °C. The conductivity of La3Ga2Al2Ge2O14.5 (  = 1) overlaps in most of the temperature range studied with La3Ga2.425Al2.425Ge1.15O14.075 (  = 0.15) and La3Ga2.35Al2.35Ge1.3O14.15 (  = 0.3).  With the focus placed on a dopant content of  = 0.5, a second study was carried out in which the Al:Ga ratio was varied and the dopant content was fixed at   = 0.5 in La3Ga4.5˗yAlyGe1.5O14.25. Several ‘ ’ values were studied ( . . 0.1, 0.25, 0.5 and 1). Their bulk conductivity at 350-500 °C is introduced in Figure 5-32- . The Arrhenius plot of the conductivity shows an overlap for La3Ga3.5AlGe1.5O14.25 (  = 1), La3Ga4Al0.5Ge1.5O14.25 (  = 0.5) and La3Ga4.25Al0.25Ge1.5O14.25 (  = 0.25) with a conductivity of approximately ~1.5 ⨯ 10-5 S·cm-1 at 500 °C. The best results were obtained for the Al-poorer La3Ga4.4Al0.1Ge1.5O14.25  (  = 0.1) whose conductivity is equivalent to that of La3Ga4.5Ge1.5O14.25 of approximately ~2.3 ⨯ 10˗5 S·cm-1 at 500 °C.  It can be noticed that the method used for the determination of the conductivity in this chapter is not frequently used for the characterization of electrolytes. Electrolyte materials are commonly studied at the cell’s operating temperature, being a common procedure to report their total conductivities at 500-950 °C. However, for the systems studied in this chapter this is not feasible. This is because for one, these materials are unstable at 900-950 °C, and secondly, the pellets’ densities are typically ~60 % and such low densities are not suitable for the determination of the total conductivity.  For this reason, the bulk conductivities at 300-550 °C were reported; the peak maxima shifts to frequencies higher than 2 MHz (2 MHz being the maximum frequency reached by E4980 LCR meter analyser) at T > 550 °C and we were therefore unable to collect data at 550-850 °C. 
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Table 5-14 SPS sintering conditions for La3Al5-xGe1+xO14+x/2 and La3Ga5˗x˗yAlyGe1+xO14+x/2, a ramp rate of  200 ° min-1 and an applied pressure of 50 MPa were held constant in all the experiments carried out. 
Nominal composition ρ (%)  (eV) 
Sintering conditions %   °  (S·cm-1) T(°C) Dwell (min) 
La3Al4Ge2O14.5 58 1.35 1000 5 3.57 9.52 ⨯ 10-7 
La3Al4.5Ge1.5O14.25 56 1.36 1000 5 1.79 8.56 ⨯ 10-7 
La3Al4.6Ge1.4O14.2 97 1.28 1000 5 1.43 1.11 ⨯ 10-6 
La3Al4.7Ge1.3O14.15 83 1.24 1050 4 1.07 1.09 ⨯ 10-6 
La3Al4.8Ge1.2O14.1 88 1.25 1050 4 0.71 2.94 ⨯ 10-6 
La3Al4.9Ge1.1O14.05 79 1.22 1050 4 0.36 1.17 ⨯ 10-7 
La3Al5GeO14 55 1.06 1000 5 - 3.07 ⨯ 10-8 
La3Al2Ga2Ge2O14.5 57 1.39 1000 5 3.57 2.48 ⨯ 10-6 
La3Al2.25Ga2.25Ge1.5O14.25 74 1.23 1000 5 1.79 1.11 ⨯ 10-5 
La3Al2.35Ga2.35Ge1.3O14.15 79 1.18 1050 4 1.07 6.00 ⨯ 10-6 
La3Al2.35Ga2.35Ge1.3O14.15 61 1.20 1000 5 1.07 4.25 ⨯ 10-6 
La3Al2.425Ga2.425Ge1.15O14.075 57 1.16 1050 4 0.54 1.75 ⨯ 10-6 
La3Ga3.5AlGe1.5O14.25 58 1.20 1000 5 1.79 1.33 ⨯ 10-5 
La3Ga4Al0.5Ge1.5O14.25 98 1.27 1050 4 1.79 1.70 ⨯ 10-5 
La3Ga4.25Al0.25Ge1.5O14.25 64 1.23 1000 5 1.79 1.52 ⨯ 10-5 
La3Ga4.4Al0.1Ge1.5O14.25 93 1.08 1050 4 1.79 2.29 ⨯ 10-5 
La3Ga4.5Ge1.5O14.25 97 1.18 1100 10 1.79 2.29 ⨯ 10-5 
 To corroborate the validity of these experiments the pellets were ground and the PXRD patterns were recorded (see Figure 5-33). It is demonstrated that the samples retained their integrity during the course of these experiments as no presence of impurity phases was observed in the post-experimental patterns. For a comparison of the lattice parameters of these samples before and after AC impedance experiments determined by Pawley fitting, the reader is referred to Appendix 8. 
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 Figure 5-33 Post-Measurement PXRD patterns of La3Al(5-x)/2Ga(5-x)/2Ge1+xO14+x/2 and La3Ga4.5-yAlyGe1.5O14.25 collected in a Bruker diffractometer with a Cu source ( ,  = 1.5406 Å) showing no evidence of sample decomposition or formation of impurity phases. 
5.3 Summary and Conclusion 
Herein, rare-earth langasite type-germanates La3-yLnyGa5-xGe1+xO14+x/2 (Ln = Pr, Nd, Sm and Gd) were successfully prepared by the Pechini method incorporating up to ~3.57 % of interstitials in Ln3Ga4Ge2O14.5 (Ln = Pr, Nd, Sm and Gd) and a higher 5.36 % in La1.5Ln1.5Ga3.5Ge2.5O14.75 (Ln = Pr and Nd). Additionally, a novel La3Al5GeO14 langasite was synthesized by this sol-gel route, which also shows a great flexibility for the incorporation of interstitial oxides (up to 5.36 %) in La3Al3.5Ge2.5O14.75.  The structures of doped compositions were determined as follows:  La1.5Pr1.5Ga4Ge2O14.5 was characterized by high resolution NPD at HPRD whereas La3Al4Ge2O14.5 and La3Al3.5Ge2.5O14.75 compositions were analysed by a combined Rietveld refinement of synchrotron (I11) and high intensity neutrons (GEM). The Rietveld refinement of the data located the extra oxygen incorporated within M2O8 dimers resembling the one found in the saturated langasites: La3GaGe5O16 and La3AlGe5O16.  Pure fine-sized powders La3-yLnyGa5.-xGe1-xO14+x/2 with Ln = Pr and Nd, y = 1.5 and 3 and 0 ≤ 0.5 were sintered by conventional methods using a diluted (6.23 ⨯ 10˗4 M) solution of 
reactants. This concentration produced particles with an averaged diameter  ∅  of  5 −10  after calcination at 600 °C, as determined by SEM. Smaller particle sized powders rendered 80-90 % dense specimens suitable for the determination of the conductivity. La3˗yLnyGa5.-xGe1-xO14+x/2 with  ≥  0.5 were sintered by SPS assisted techniques due to a dramatic decrease in the decomposition temperature. In some instances, the sintering 
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process lead to the formation of a minor LaGaGeO5 impurity while no significant change in composition of the main phase occurred, as evidenced by the constant value of the lattice parameters before and after sintering calculated by Pawley refinements. Impedance spectroscopy measurements shown a decrease in the bulk conductivity values as the Ln size decrease from 2.29 ⨯ 10-5 S·cm˗1 in La3Ga4.5Ge1.5O14.25 to 1.05 ⨯ 10-5 S·cm˗1 in Nd3Ga4.5Ge1.5O14.25 at 500 °C, whereas the activation energy was found constant throughout ( ~1.1 eV).   Dense Al-langasites were prepared by reactive SPS-sintering and analysed by AC impedance spectroscopy. This study revealed a lower conductivity of Al-langasites with respect to their Ga-analogues. Furthermore, Al-langasites became saturated of interstitials at a lower concentration of defects per channel. The most conductive Al-langasite La3Al4.8Ge1.2O14.1 (  = 0.2) has a conductivity of 2.94 ⨯ 10-6 S·cm-1 at 500 °C, whereas La3Ga4.5Ge1.5O14.25 (  = 0.5) has a conductivity of 2.29 ⨯ 10-5 S·cm-1 of one order of magnitude higher. The interstitials mobility is again restrained by the trapping of the defects in the rigid M2O8 dimers, leading to high activation energies ~1.2 eV.  
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6 CONCLUSIONS AND OUTLOOK 
The The solid solution range in La3Ga5-xGe1+xO14+x/2 with a langasite structure extends up to  = 1.5 and demonstrates a remarkable flexibility in how it accommodates extra oxygen. This defect content is even higher than in other oxide ion conductors where the ionic conductivity is mediated  interstitial oxide ions such as apatite and melilites which incorporate ~3.9 and 4.6 % of extra oxygen respectively. In La3Ga5-xGe1+xO14+x/2 the extra oxygen is located within the tetrahedral network forming a (Ga/Ge)2O8 dimer - resembling a similar unit found in La3GaGe5O16. This position of the extra oxygen was predicted by DFT calculations and corroborated by high-resolution NPD, 71Ga and 17O NMR studies.  A promising increase in the bulk conductivity of two orders of magnitude with respect to the un-doped parent material is observed for 0.4 ≤   ≤  0.5 (from 7.25 ⨯ 10-6 S·cm-1 in La3Ga5GeO14 to 2.42 ⨯ 10-5 S·cm-1 at 500 °C). At this compositional range the conductivity reaches a plateau. For  >  0.5 a steady linear decrease in the bulk conductivity is observed down to 7.25 ⨯ 10-6 S·cm-1 for  =  1.5 at 500 °C.  The impeded mobility of the extra oxygen at the higher concentration of , could be caused by the higher rigidity of the (Ga/Ge)2O8 unit in comparison with other labile units such as the trigonal bipyramid coordinated Ga2intO5 in melilites.   Isovalent substitutions were carried out comprising the co-doping and full substitution of La3+ by other RE3+( . . Pr, Nd, Sm and Gd) in La3-yLnyGa5-xGe1+xO14+x/2. This approach resulted in a decrease in the conductivity with the smaller RE cations, with the highest conductivity being achieved by La-langasties. A second approach for isovalent substitution involved the substitution of Ga for the more abundant and inexpensive Al in La3Ga5˗x˗yAlyGe1+xO14+x/2 and La3Al5-xGe1+xO14+x/2. This again resulted in a decrease in the conductivity with respect to the originally studied La3Ga5-xGe1+xO14+x/2 compositions. Moreover, the highest mobility of the interstitial was reached at an even lower concentration ( / ℎ = 0.04 ) being maximum at 2.94 ⨯ 10-6 S·cm˗1 for 
La3Al4.8Ge1.2O14.1  at 500°C.  A combined NPD and SXRD study reveals the location of the extra oxygen within a (Al/Ge)2O8 dimer.   Overall, the oxide ionic conductivity of the La3Ga5-xGe1+xO14+x/2 langasite is modest and not competitive with other currently existing electrolytes which reach the desirable value of > 10-2  S·cm-1 at 600-1000 °C. However, this structure can accommodate a wide range of cations and over 140 langasites with different compositions have been reported up to 
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date. This discovery can open up exciting possibilities for the exploration of a large variety 
of compositions within this class of materials due to their flexibility towards chemical 
doping. This warrants further investigations into these systems.  
6.1 Candidate structures containing a flexible M2O7 dimer 
The structural insight into the doped langasite structure presented here constitutes a 
valuable knowledge base for the design of next generation electrolyte materials. Comparing 
the structures of langasites and melilites, one feature that could be hindering the oxide ion 
mobility in langasites is the presence of an octahedron interconnecting the layers of 
tetrahedra.  This octahedron binds the tetrahedral C site which is fully connected and could 
in turn restrict the mobility of the M2O7 dimer; whereas in melilites the interconnected M2O7 
units consist of two tetrahedra, each of which have one apical oxygen.  
 
Some candidate structures fulfilling the aforesaid structural requirements suggested in 
ref.61 and more are introduced in the following sections. In the updated list those 
candidates in which the flexibility of the M2O7 unit is compromised are not considered and 
the list could be divided into the following categories: 
 
- Structures based on flexible M2O7 dimers ( 𝑖. 𝑒. two bridged non saturated 
tetrahedra): Ba2CuSi2O7, Ba2TiSi2O8 (fresnoites), Ca2ZnGe1.75Si0.25O7, K2MoAs2O9 and 
Sr5Ga6O14. 
 
- Extended structures of interconnected MO4: LaSrNa3ZnSi6O7 (Nordite), Ba4Si6O16, 
Na2SiO5 and SrGa2O5. 
6.1.1 Ba2CuSi2O7 
The crystal structure shown in Figure 6-1 consists of layers of Si2O7 dimers (in yellow) 
connected by a 4-connected tetrahedra occupied by Cu(in violet). The layers of tetrahedra 
alternate with large Ba atoms (in cyan) along the 𝑎-direction which provides them with a 
separation of ~7 Å280. The view along the 𝑐-direction displays two rings where the Ba sits; 
a 4 and an 8-membered ring with potential for interstitial oxide ion accommodation.   
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Figure 6-1 Structure of Ba2CuSi2O7 where Ba is depicted in blue, Si2O7 dimers in yellow 
and the fully bridged tetrahedral sites occupied by Cu in violet. Bridging oxygens are 
coloured in red to differentiate them from the apical oxygens in mahogany. 
6.1.2 Ba2TiSi2O8 (fresnoites)  
The crystal structure of fresnoites in Figure 6-2 displays the characteristics that presuppose 
ease of network deformation: there is a wide separation between the layers of tetrahedra 
provided by the large A = Ba cations as well as groups of Si2O7 linked by a square based 
pyramid occupied by titanium281. Although most commonly Ti4+ is found to occupy 
octrahedral sites, there are other reported compounds besides fresnoites where this cation 
is 5-coordinated, these are: Y2TiO5282, the carnotite-type Ba2[(UO2)2Ti2O8]283, Ba2TiO4284 and 
Li4TiO4285 amongst others.  
 
It can be observed how the connectivity of polyhedra is identical in melilites and fresnoites 
(although in the latter the fully connected tetrahedra is replaced by a 5-cooridnated Ti with 
an additional apical oxygen). Interestingly, and unlike melilites, all the apical oxygen atoms 
are pointing in the same direction.  
 
Fresnoites do not constitute an extensive family of minerals in contrat to melilite and 
langasite materials. Compositions that are found to adopt a A2[10]B[5]C2[4]O8 fresnoite type 
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Figure 6-2 Polyhedral representation of a A2[10]B[5]C2[4]O8 fresnoite structure along 
𝒂 (top) and 𝒄-axes (bottom) A atoms are labelled in cyan B in grey and C in yellow. 
6.1.3 2D: Ca2ZnGe1.75Si0.25O7 
Ca2ZnGe1.75Si0.25O7 is another melilite-related material. In Ca2ZnGe1.75Si0.25O7, as in melilites, 
there are two types of tetrahedra present: a 3-connected site occupied by Si and Ge and a 
fully connected type occupied by Zn forming stacks of infinite layers of tetrahedra separated 
by ~5.1 Å.  
 
Ca2ZnGe1.75Si0.25O7 contains three types of channels running parallel to the (101) direction 
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Figure 6-3 Polyhedral representation of Ca2ZnGe1.75Si0.25O7. Large Ca cations are 
depicted in cyan, 3 and 4-connected tetrahedra are given in yellow and violet 
respectively. 
6.1.4 K2MoAs2O9 
K2MoAs2O9 is built up from MoO6 octahedra sharing corners with As2O7 dimers to form 
layers along the 𝑎 -axis (see Figure 6-4 top). Besides the apical oxygen within the 
As2O7 dimers two oxygen atoms in MoO6 remain unshared with short Mo-O distances  that 
have an average of 1.704 Å289. The K+ ions are located in the interlayer space providing the 
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Figure 6-4 View of the K2MoAs2O9 layered structure along the 𝒂-direction (top) and 
of the top layer along the 𝒃-direction in the bottom figure. K cations are represented 
by large blue spheres, MoO6 are green octahedra and As2O7 units are displayed in 
yellow. 
6.1.5 Sr5Ga6O14 
Sr5Ga6O14 is a newly reported high pressure phase synthesized at 3 GPa and 1000 °C290. Its 
connectivity between constituent tetrahedral units is identical to that of the melilite 
structure. The infinite sheets of 3 and 4-connected tetrahedral sites are displayed along the 
𝑎-axis in Figure 6-5 alternating with large Sr. These atoms lie in 5-membered rings but 
unlike in melilites, Sr is off-centered and three symmetrically independent sites are 
generated, whose coordination number range from six to eight oxygen atoms. In Sr5Ga6O14, 
adjacent tetrahedral sheets do not overlap along the c-direction and the value of the 𝑐 lattice 
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Figure 6-5 Sr5Ga6O14. Top: view along the 𝒂 -diretion. Bottom: view along the 𝒄 -
direction. For clarity, a single layer of tetrahedra is shown in order to avoid 
overlapping of different types of tetrahedral sites along the 𝒄-direction. 
6.1.6 Ba4Si6O16 
In Ba4Si6O16 the corner-sharing SiO4 links to form zweier chains running along the 𝑏 -
direction. Three zweier chains are linked through every second tetrahedra giving rise to 
6˗membered rings with potential to accommodate interstitials291 (see view along-𝑐 Figure 
6-6 bottom).  These triple chains running along 𝑏 have a 21  symmetry (top figure) and 
intercalate with 8-coordinated Ba2+ providing a ~8.4 Å separation.  
 
The co-doping of this phylosilicate with RE elements (𝑒. 𝑔. Eu2+, Dy3+, Ce3+, Tm3+, Pr3+) by the 
traditional solid-state reaction method has been investigated due to the exhibited long-
lasting phosphorescence properties292-295.  The fact that the Ba2+ can be partly substituted 
by RE elements with a higher valence and that this can be done by an easy solid-state 
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Figure 6-6 Ba4Si6O16 based on interconnected tetrahedra (in yellow) occupied by Si 
containing one or two non-bridging oxygen denoted in maroon and intercalated with 
Ba in (in cyan). 
6.1.7 LaSrNa3ZnSi6O7 (Nordite) 
The structure of nordite is often described as a combination of melilite and datolite296 
structure types due to their resemblance. Nordites consist of compact layers of large A 
cations connected by an infinite net of T7O17 tetrahedra forming 4-, 5- and 8-membered 
rings along the 𝑏-direction (Figure 6-7, bottom)297. Si fully occupies 3-connected tetrahedral 
sites namely Si1-Si3, whereas Zn is found in the 4-connected sites. The layers of 3-connected 
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Figure 6-7 Nordite LaSrNa3ZnSi6O17 structure viewed along 𝒄  (top) and 𝒃 -axes 
(bottom). 
 
Although some analogues of this structure have been reported (𝑒. 𝑔. ferronordite - CeSr 
Na3FeSi6O17, manganonordite – Na3SrCeMnSi5O17298) this is not  an extensive family of 
minerals and not many compositions of nordites are known, which may call into question 
its ability to accommodate cations with different valences.  Moreover, it is usually difficult 
to dope materials containing a large number of atoms due to the increased number of 
competing phases during the synthesis process. 
6.1.8 Na2Si2O5 
ε-Na2Si2O5299 is the high pressure polymorph of Na2Si2O5 synthesized at 7 GPa. Its structure 
consists of 6-membered rings occupied by large Na cations alternating with 2D infinite Si2O5 
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Figure 6-8 ε-Na2Si2O5 structure viewed along 𝒄 (top) and 𝒂-axes (bottom). Na cations 
are denoted in cyan and the chains of tetrahedra occupied by Si are given in yellow. 
6.1.9 Sr2Ga2O5 
As well as Sr2Ga2O5, Sr5Ga6O14 is a high pressure phyllogallate which was first (and only) 
reported in ref. 290. Up until now, there are no applications known for this material with 
the exception of the use of its non-crystalline form as an additive for the densification of 
ionic conducting materials300-302.  
 
The crystal structure of Sr2Ga2O5 consists of large 6 and 7-coordianted Sr atoms that provide 
a separation of ~5.3 Å between the infinite layers of GaO4 tetrahedra. The view of a 
Sr2Ga2O5’s single layer along the 𝑐 -axis reveals the presence of two types of channels 
running parallel to this direction: a 4 and an 8-membered ring, where the latter has the 
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Figure 6-9 View of the layered structure of Sr2Ga2O5 along the 𝒂  (top) and 𝒄-axes 
(bottom). The large Sr cations are coloured in cyan and the extended chains of 
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APPENDIX 1 LIST OF REPORTED MATERIALS WITH A LANGASITE 
STRUCTURE           
     










A+ A2+ A3+ B3+ B4+ B5+ B6+ C3+ C4+ D3+ D4+
1.1.  Na2 A
2+Ge6O14 (A = Ca, Sr)
Na Ca, Sr Ge Ge Ge 
1.2. NaA2+2GaGe5O14 (A = Ca, Sr, Pb)
Na Ca, Sr, Pb Ga, Ge Ga Ge Ge 
1.3. A2+3Ga2Ge4O14 (A = Ca, Sr, Ba, Pb)
Ca, Ba Ge Ga Ge Ge




2O14 (A=Ca, Sr, Ba, Pb, X=Sb, Nb, Ta, Z=Si, Ge)
Ca, Sr, Ba, Pb Nb, Sb, Ta Ga Si 
Ca, Sr, Ba, Pb Nb, Sb, Ta Ga Ge Ga Ge
1.5. Ln3Ga5M
4+O14 (Ln = La, Pr, Nd; M = Si, Ge, Ti, Sn, Zr, Hf)
La, Pr, Nd Sn, Zr, Hf Ga Ga
La, Pr, Nd Ga Ga Ga Si, Ge 
La, Pr, Nd Ga Ti Ga Ti Ga 
1.6. Ln3M
5+
0.5Ga5.5O14 (Ln=La, Pr, Nd; M=Nb, Ta, Sb)




La Ga Mo, W Ga Ga 
1.8. A2+Ln2SbGa5O14 (A = Ba, Sr, Ln = La, Pr, Nd)










A+ A2+ A3+ B3+ B4+ B5+ C3+ C4+ D3+ D4+
2.1 NaA2+2M
3+Ge5O14 (A = Ca, Sr, Pb, M = Al, Fe Sc, In)
Na Ca, Sr, Pb Al, Fe Sc, In Ge Al, Fe Sc, In, Ge Ge
2.2. A2+3B
3+
2Ge4O14 (A = Ca, Sr, Ba, Pb, B = Al, Fe, Cr, In)
Ca, Ba Ge Ga Ge Ge 
Sr, Pb Ga, Ge Ga Ge Ge 
2.3. Sr3B
2+Ge5O14 (B=Mg, Zn, Ni, Co, Fe, Mn)
Sr Mg, Ni, Co, Fe, Mn Ge Ge 




2O14 (A=Ca, Sr, Ba, Pb, X=Sb, Nb, Ta, Y= Al, Fe, In, Z=Si, Ge)
Ca, Sr, Ba, Pb Nb, Sb, Ta Al, Fe, In Si 
Ca, Sr, Ba, Pb Nb, Sb, Ta Al, Fe, In Ge Al, Fe, In Ge 
2.5. Ca3Al2Ti1.5Si2.5O14 – high pressure phase




La Sb Zn Si, Ge 
2.7. A2+La2SbAl5O14 (A=Ca, Sr, Ba)
Ca, Sr, Ba La Sb Al Al 
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APPENDIX 2 La3Ga5MO14 WHERE M =Si AND Ti 
 
Table 7-1 SXRD refined atomic positions and thermal parameters of La3Ga5SiO14 and 
La3GaTiO14 at 297K. 
 
 La3Ga5SiO14 La3Ga5TiO14 
La1 (3e),(x, 0, 0)   
x 0.41881(8) 0.4226(1) 
occ 1 1 
Beq (Å2) 0.41(2) 0.36(3) 
Ga1 (1a), (0, 0, 0)   
occ 1 0.31(3)/occTi = 0.69(3) 
Beq (Å2) 0.53(5) 0.3(1) 
Ga2 (2d), (1/3,2/3,z)   
z 0.467(8) 0.5314(8) 
occ 0.51(1)/occSi = 0.49(1) 1 
Beq (Å2) 0.13(8) 0.21(6) 
Ga3 (3f), (x, 0, 0.5)   
x 0.765(2) 0.7623(3) 
occ 1 0.92(2)/occTi = 0.08(2) 
Beq (Å2) 0.46(3) 0.37(6) 
O1 (2d), (1/3,2/3,z)   
z 0.791(2) 0.187(3) 
occ 1 1 
Beq (Å2) 1.1(1) 0.8(1) 
O2 (6g), (x, y, z)   
x 0.466(1) 0.459(2) 
y 0.3113(9) 0.311(1) 
z 0.678(1) 0.307(2) 
occ 1 1 
Beq (Å2) 1.1(1) 0.8(1) 
O3 (6g), (x, y, z)   
x 0.221(1) 0.217(1) 
y 0.0799(7) 0.074(1) 
z 0.237(1) 0.762(2) 
occ 1 1 
Beq (Å2) 1.1(1) 0.8(1) 
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(o) 
 
Figure 7-1 Pawley fits in 𝑷𝟑𝟐𝟏 and 𝑷𝟏 for (𝒂) La3Ga5GeO14 at 297 K, La3Ga4GeO14 at 
11 K (𝒃) and at 297 K (𝒄), La3Ga3.5Ge2.5O14.75 at 9 K (𝒅), 297 K (𝒆) 473 K (𝒇), 673 K (𝒈) 
and 873 K (𝒉) La1.5Pr1.5Ga4Ge2O14.5 at 297 K (𝒊) La3Al5GeO14 at 297 K (𝒋) GEM and (𝒌) 
I11 data, La3Al4Ge2O14 at 297 K (𝒍) GEM and (𝒎) I11 and La3Al3.5Ge2.5O14.75 at 297 K (𝒏) 
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APPENDIX 4 NPD REFINED La3Ga3.5Ge2.5O14.75 FINAL MODELS  
 
Table 7-2 Final NPD refined models for La3Ga3.5Ge2.5O14.75 from 9 to 873K, the given 




9 K 297 K 473 K 673 K 873 K 
a (Å) 8.27470(2) 8.28416(6) 8.29605(2) 8.31018(9) 8.32494(9) 
c (Å) 4.99719(2) 5.00156(4) 5.00725(2) 5.01441(6) 5.02216(5) 
V (Å3) 296.320(2) 297.256(5) 298.450(2) 299.896(8) 301.428(7) 
Rwp 1.763 2.447 1.558 1.695 1.435 
Rexp 0.727 1.173 0.819 1.200 0.964 
La1 (3e),(x, 0, 0) 
x 0.4149(1) 0.41515(9) 0.4148(1) 0.4148(1) 0.4151(1) 
OCC 1 1 1 1 1 
U11 0.0126(3) 0.0185(3) 0.0240(4) 0.0296(5) 0.0343(5) 
U22 0.0104(4) 0.0164(3) 0.0195(4) 0.0243(5) 0.0278(5) 
U33 0.0156(4) 0.0209(3) 0.0229(4) 0.0264(5) 0.0301(5) 
U12 0.0052(2) 0.00819(2) 0.0097(2) 0.0122(3) 0.0139(3) 
U13 0 0 0 0 0 
U23 0 0 0 0 0 
Ga1 (1a), (0, 0, 0) 
OCC 7/12 7/12 7/12 7/12 7/12 
U11 0.0115(4) 0.0164(4) 0.0192(5) 0.0232(6) 0.0255(6) 
U22 0.0115(4) 0.0164(4) 0.01923(5) 0.0232(6) 0.0255(6) 
U33 0.0027(3) 0.0073(5) 0.0089(7) 0.0125(9) 0.0176(9) 
U12 0.0058(2) 0.0082(2) 0.0096(2) 0.0116(3) 0.0127(3) 
U13 0 0 0 0 0 
U23 0 0 0 0 0 
Ga2 (3f), (1/3,2/3,z) 
z 0.5274(2) 0.5268(2) 0.7572(1) 0.5268(3) 0.5266(3) 
OCC 7/12 7/12 7/12 7/12 7/12 
U11 0.0072(3) 0.0130(3) 0.0275(5) 0.0205(4) 0.0238(4) 
U22 0.0072(3) 0.0130(3) 0.0238(6) 0.0205(4) 0.0238(4) 
U33 0.0100(3) 0.0126(5) 0.0125(9) 0.0214(7) 0.0236(7) 
U12 0.0036(1) 0.0065(1) 0.0138(2) 0.0103(2) 0.0119(2) 
U13 0 0 0 0 0 
U23 0 0 0 0 0 
Ga3 (2d), (x, 0, 0.5) 
x 0.75727(5) 0.75712(9) 0.7572(1) 0.7576(1) 0.7577(1) 
OCC 7/12 7/12 7/12 7/12 7/12 
U11 0.0184(4) 0.0245(4) 0.0276(5) 0.0318(6) 0.0367(6) 
U22 0.0132(5) 0.0204(4) 0.0238(6) 0.0269(7) 0.0298(7) 
U33 0.0096(5) 0.0151(4) 0.0188(5) 0.0219(7) 0.0231(6) 
U12 0.0066(3) 0.0102(2) 0.0119(3) 0.0135(4) 0.0149(4) 
U13 0 0 0 0 0 
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U23 0 0 0 0 0 
O1 (2d), (1/3,2/3,z) 
z 0.1733(3) 0.1740(2) 0.1742(3) 0.1748(3) 0.1754(3) 
OCC 1 1 1 1 1 
U11 0.0178(5) 0.0244(4) 0.0300(5) 0.0357(8) 0.0442(9) 
U22 0.0177(5) 0.0244(4) 0.0300(5) 0.0357(8) 0.0442(9) 
U33 0.0049(7) 0.0115(7) 0.0125(9) 0.017(1) 0.016(1) 
U12 0.0089(2) 0.0122(2) 0.0150(3) 0.0178(4) 0.0221(4) 
U13 0 0 0 0 0 
U23 0 0 0 0 0 
O2 (6g), (x, y, z) 
x 0.4638(5) 0.4623(8) 0.4628(7) 0.4632(8) 0.469(1) 
y 0.3081(6) 0.3066(7) 0.3082(7) 0.3081(8) 0.314(1) 
z 0.3114(4) 0.314(1) 0.315(1) 0.316(1) 0.320(1) 
OCC 0.666(3) 0.570(3) 0.618(3) 0.624(3) 0.499(3) 
U11 0.004(1) 0.016(2) 0.014(2) 0.021(2) 0.023(3) 
U22 0.020(1) 0.034(2) 0.036(2) 0.039(2) 0.041(3) 
U33 0.013(1) 0.022(2) 0.027(2) 0.031(2) 0.045(3) 
U12 0.0059(1) 0.015(1) 0.013(1) 0.014(2) 0.014(2) 
U13 0 0.002(1) -0.001(1) -0.003(1) -0.004(2) 
U23 0 0.017(1) 0.016(2) 0.017(2) 0.030(3) 
O3 (6g), (x, y, z) 
x 0.2156(1) 0.2158(1) 0.2158(1) 0.2158(2) 0.2156(2) 
y 0.0891(1) 0.0903(1) 0.0906(1) 0.0907(1) 0.0908(1) 
z 0.7730(2) 0.7734(2) 0.7734(2) 0.7733(3) 0.7736(3) 
OCC 1 1 1 1 1 
U11 0.0182(6) 0.0231(5) 0.0291(7) 0.0349(9) 0.0389(9) 
U22 0.0460(9) 0.0537(8) 0.060(1) 0.065(1) 0.068(1) 
U33 0.0162(6) 0.0226(6) 0.0227(7) 0.0257(9) 0.0296(9) 
U12 0.0150(7) 0.0185(6) 0.0231(8) 0.027(1) 0.028(1) 
U13 0.0069(5) 0.0068(4) 0.0085(5) 0.0099(7) 0.0105(7) 
U23 0.0172(5) 0.0177(5) 0.0187(6) 0.0204(7) 0.0215(7) 
O4(6g), (x, y, z) 
x 0.297(1) 0.297(1) 0.292(2) 0.289(2) 0.281(2) 
y 0.876(1) 0.875(2) 0.868(2) 0.868(3) 0.856(3) 
z 0.589(1) 0.588(2) 0.586(2) 0.589(3) 0.590(3) 
OCC 0.120(2) 0.110(3) 0.118(2) 0.114(2) 0.115(2) 
Beq (Å2) 1.7(1) 2.7(2) 3.8(3) 4.7(4) 5.4(4) 
O5(6g), (x, y, z) 
x 0.824(2) 0.832(1) 0.825(1) 0.821(2) 0.830(1) 
y 0.565(2) 0.554(1) 0.560(2) 0.560(2) 0.558(1) 
z 0.311(1) 0.312(2) 0.312(2) 0.312(3) 0.309(2) 
OCC 0.247(4) 0.351(4) 0.294(2) 0.286(2) 0.410(2) 
U11 0.088(9) 0.085(5) 0.097(7) 0.097(9) 0.081(5) 
U22 0.008(3) 0.018(3) 0.024(4) 0.017(4) 0.015(3) 
U33 0.014(4) 0.022(3) 0.027(4) 0.036(6) 0.030(3) 
U12 0.025(4) 0.008(3) 0.021(4) 0.015(5) 0.007(3) 
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U13 0 0.025(3) -0.039(4) -0.046(5) -0.031(3) 
U23 0 0.004(2) 0.001(3) -0.000(3) 0.002(2) 
O6(6g), (x, y, z) 
x 0.0682(9) 0.0675(7) 0.0653(9) 0.064(1) 0.061(1) 
y 0.537(1) 0.5348(9) 0.531(1) 0.530(2) 0.526(2) 
z 0.551(1) 0.545(1) 0.541(2) 0.544(2) 0.540(2) 
OCC 0.123(1) 0.121(2) 0.122(1) 0.123(1) 0.123(1) 
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Figure 7-2 Fit of the combined b1( 𝒂 ), b2 ( 𝒃 ) and b3 ( 𝒄 ) refinement of 
La3Ga3.5Ge2.5O14.75 at 9-873K. 
 
 
Table 7-3Final NPD refined model for the parent langasite La3Ga5GeO14 (𝒙=0) at 297K 
and La3Ga4Ge2O14.5 (𝒙=1) at 11 and 297K. 
Parameter La3Ga5GeO14 La3Ga4Ge2O14.5 
𝑥 0 1 1 
Temperature 
(K) 
297 11 297 
Rwp 2.667 1.992 2.809742 
Rexp 1.789 1.002 1.847251 
𝑎 (Å) 8.20885(2) 8.24442(5) 8.25387(4) 
c (Å) 5.10535(2) 5.03419(4) 5.03841(3) 
V (Å3) 297.935(2) 296.333(4) 297.262(4) 
La1 (3e),(x, 0, 0) 
x 0.41920(9) 0.4162(1) 0.4168(1) 
OCC 1 1 1 
U11 0.01344(3) 0.0115(5) 0.0172(4) 
U22 0.01417(4) 0.0072(6) 0.0172(4) 
U33 0.01255(4) 0.01621(6) 0.0090(8) 
U12 0.0071(2) 0.0036(3) 0.0086(2) 
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U13 0 0 0 
U23 0 0 0 
Ga1 (1a), (0, 0, 0)  
OCC 1 2/3 2/3 
U11 0.01655(5) 0.0093(6) 0.0171(5) 
U22 0.01655(5) 0.0093(6) 0.0171(5) 
U33 0.0075(7) 0.006(1)1 0.0090(8) 
U12 0.0082(2) 0.0047(3) 0.0085(3) 
U13  0 0 0 
U23  0 0 0 
Ga2 (2d), (1/3,2/3,z) 
z 0.5277(2) 0.5273(4) 0.5261(3) 
OCC 1 02-Mar 02-Mar 
U11 0.01651(3) 0.0061(4) 0.0143(3) 
U22 0.01651(3) 0.0061(4) 0.0143(3) 
U33 0.01070(5) 0.0068(8) 0.0120(6) 
U12 0.00825(2) 0.0030(2) 0.0072(2) 
U13 0 0 0 
U23 0 0 0 
Ga3 (3f), (x, 0, 0.5) 
x   0.7606(2) 0.7603(1) 
OCC 0.5 2/3 2/3 
U11 0.0125(4) 0.0150(6) 0.0226(5) 
U22 0.0110(5) 0.0101(7) 0.0191(5) 
U33 0.0124(5) 0.0123(7) 0.018(6) 
U12 0.0055(3) 0.0051(3) 0.0096(3) 
U13 0 0 0 
U23 0 0 0 
O1 (2d), (1/3,2/3,z) 
z 0.1787(3) 0.1763(4) 0.1778(3) 
OCC 0.998(6) 1 1 
U11 0.0185(6) 0.0061(4) 0.0230(6) 
U22 0.0185(6) 0.0061(4) 0.0229(6) 
U33 0.0131(1) 0.0068(8) 0.020(1) 
U12 0.0092(3) 0.0030(2) 0.0115(3) 
U13 0 0 0 
U23 0 0 0 
O2 (6g), (x, y, z) 
x 0.4584(1) 0.4610(4) 0.4636(2) 
y 0.3098(1) 0.3100(3) 0.3131(2) 
z 0.3112(2) 0.3119(8) 0.3132(5) 
OCC 0.982(3) 0.660(4) 0.646(2) 
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U11 0.0148(5) 0.007(1) 0.0093(8) 
U22 0.0247(7) 0.015(1) 0.017(1) 
U33 0.0153(5) 0.008(1) 0.0094(7) 
U12 0.0086(5) 0.005(1) 0.0050(8) 
U13 0.0038(5) -0.004(1) 0.0063(9) 
U23 0.0084(5) 0.0014(9) 0.0113(8) 
O3 (6g), (x, y, z) 
x 0.2204(1) 0.2174(2) 0.2168(1) 
y 0.08018(9) 0.0855(2) 0.0861(1) 
z 0.7642(2) 0.7691(3) 0.7682(2) 
OCC 1.001(3) 1 1 
U11 0.0198(6) 0.0188(9) 0.0229(6) 
U22 0.0241(7) 0.037(1) 0.0476(9) 
U33 0.0187(6) 0.020(1) 0.0261(7) 
U12 0.0124(5) 0.0149(9) 0.0187(7) 
U13 0.0035(4) 0.0079(7) 0.0060(5) 
U23 0.0103(4) 0.0156(7) 0.0151(6) 








y 0.536(2) 0.546(2) 
z 0.559(2) 0.561(2) 
OCC 0.083(1) 0.085(1) 
Beq (Å2) 0.9(2) 2.6(2) 













y 0.559(1) 0.5690(8) 
z 0.307(2) 0.312(1) 
OCC 0.261(4) 0.262(2) 
U11 0.077(6) 0.061(3) 
U22 0.029(4) 0.026(2) 
U33 0.008(4) 0.02(3) 
U12 0.023(5) 0.013(4) 
U13 -0.026(4) 0 
U23 -0.011(3) 0 








y 0.864(3) 0.856(2) 
z 0.594(4) 0.597(4) 
OCC 0.089(2) 0.084(2) 
Beq (Å2) 2.5(3) 4.7(4) 
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Figure 7-3 Fit of the combined b1 (𝒂), b2 (𝒃) and b3 (𝒄) refinement of La3Ga4Ge2O14.5 
at 11 and 297K. 
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APPENDIX 5 Ge2O8 LOCAL ENVIRONMENTS 
 
Ge2O10 local environments in 2 ⨯ 2 ⨯ 2  La3Ga4Ge2O14.5 DFT calculated supercell 𝑎 − 𝑑 
(numbered 1-4 in the figure below) and collapsed 𝑃321 cell used as the starting points for 
the refinement (𝑒 ). ( 𝑓 ) La3Ga5GeO14, ( 𝑔 ) La3Ga4Ge2O14.5, ( ℎ ) La3Ga3.5Ge2.5O14.75,   ( 𝑖 ) 
La3GaGe5O16, ( 𝑗 ) La1.5Pr1.5Ga4Ge2O14.5, ( 𝑘 ) La3Al5GeO14, ( 𝑙 ) La3Al4Ge2O14.5 and ( 𝑚 ) 
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APPENDIX 6 POST‑AC IMPEDANCE La3Ga5‑XGe1+XO14+X/2 PXRD 
PATTERNS  
 
Purity checks were carried out for La3Ga5-xGe1+xO14+x/2 specimens with 𝑥 = 0, 0.1, 0.2, 0.3 (A 
and B), 0.35, 0.4, 0.45, 0.5 (A and B), 0.6, 0.7, 1 and 1.5 after AC impedance measurements 
were carried out to ensure the estability of these samples in under the experimental 
conditions. These consisted on scraping off the gold contacts with a scalpel and grinding the 
pellets into a fine powder that could be analysed by PXRD. 
 
The PXRD patternrs were collected in X’Pert Pro PANanalytical diffractometer equiped with 
a Co-source (𝐾𝛼1 = 1.7890 Å) in a 10-100° 2θ range. The magnified 20-60° region is shown 
in Figure 7-4 where no extra peaks associated to impurities are observed. 
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Figure 7-4 XRD patterns of La3Ga5-xGe1+xO14+x/2 for x 0-1.5 after the AC impedance 
measurements were carried out. 
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APPENDIX 7 COMPARISON OF THE BULK CONDUCTIVITY OF 
SPECIMENS WITH DIFFERENT DENSITIES 
The aim of this discussion is to compare the Heidinger corrected bulk conductivity 
calculated for two different compositions: La1.5Nd1.5Ga4.5Ge1.5O14.25 and Nd3Ga4.5Ge1.5O14.25 
(incorporating 1.79 % of extra oxygen) prepared by two different methods: conventional 
and SPS sintering techniques. The permittivity values corrected by Heidinger ( 𝐻 ) are 
included in the tables below Table 7-4 and Table 7-5. 
 
The conventional sintering of La1.5Nd1.5Ga4.5Ge1.5O14.25 and Nd3Ga4.5Ge1.5O14.25 involved the 
mechanical milling of the powders which allow for particle size reduction, followed by a 5 
hours heating program at t a high temperature of 1250 °C. The sintering temperature was 
shortened from 12 hours (typically used for most of the materials prepared in this work) to 
5 hours. The decrease in dwelling time was aimed at minimize the GeO2 volatilization from 
the reaction mixture that was observed by EDX elemental analysis of La1.5Pr1.5Ga4.5Ge1.5O14.25  
annealed for 12 hours at 950 °C and 1300 °C  (below and above  𝑇𝑑𝑒𝑐𝑜𝑚𝑝~1100 °𝐶 
respectively), see section 5.2.1.3.1. 
 
Table 7-4 Density, sintering conditions and conductivity of conventionally sintered 














Nd3Ga4.5Ge1.5O14.25 92 1.08 1250 5 38 1.10 ⨯ 10-5 
La1.5Nd1.5Ga4. 5Ge1. 5O14.25 85 1.13 1250 5 38 1.05 ⨯ 10-5 
 
Spark plasma assisted sintering was carried out in mechanically milled powders that were 
pressed in a ⌀ = 20 mm graphite die at a pressure of 50 MPa and a heating-cooling ramp rate 
of 200 ° min-1.  
 
Table 7-5 Density, sintering conditions and conductivity of SPS sintered 












Nd3Ga4.5Ge1.5O14.25 58 1.18 1000 5 49 1.02 ⨯ 10-5 
La1.5Nd1.5Ga4.5Ge1.5O14.25 58 1.18 1000 5 52 1.38 ⨯ 10-5 
 
A study of novel electrolyte materials with interstitial oxides as mobile species  
Maria Diaz Lopez- February 2016 
 
Appendices   217 
 
Figure 7-5 Arrhenius plot of the bulk conductivity of SPS and conventionally (denoted 
as SSR) sintered Nd3Ga4.5Ge1.5O14.25 (𝒂) and La1.5Nd1.5Ga4.5Ge1.5O14.25 (𝒃) specimens. (𝒄) 
Complex impedance plane for all four samples where the log of the frequency is 
denoted by red symbols and bold characters. (𝒅) Combined 𝒁’’ and 𝑴’’ plot. 
 
Figure 7-6 SEM images of Nd3Ga4.5Ge1.5O14.25 samples sintered by SPS (𝒂-𝒄) and a 
conventional sintering method (𝒅 and 𝒆). 
 
(a)




































































A study of novel electrolyte materials with interstitial oxides as mobile species 
Maria Diaz Lopez - February 2016 
 
218 Appendices 
APPENDIX 8 POST‑MEASUREMENT PURITY CHECKS 
 
 
Here, the lattice parameters determined by the Pawley fitting of PXRD patterns collected on 
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 La3-yLnyGa5-xGe1+xO14+x/2 
 
The samples listed below were synthesized by Pechini and sintered by a conventional 
method involving the heating of pellets at 1250 °C for 12 hours for the parent materials and 
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 The compositions listed below underwent a fast SPS densification process in order 
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APPENDIX 9 SEPARATE AND COMBINED GEM AND I11 
REFINEMENTS OF La3Al3.5Ge2.5O14.75 AT 297 K 
 
Parameter La3Al3.5Ge2.5O14.75 
Data sets GEM I11 Combined 
Rwp 2.432 1.321 1.663 
Rexp 0.483 0.299 0.373 
𝑎 (Å) 8.1946(3) 8.19750(3) 8.1974(3) 
c (Å) 4.9157(2) 4.916789(2) 4.91674(2) 
V (Å3)  285.87(3) 286.138(3) 286.127(2) 
La1 (3e),(x, 0, 0) 
x 0.4163(1) 0.41528(6) 0.41567(4) 
OCC 1 1 1 
Beq (Å2) 0.88(2)  1.08(1) 1.16(1) 
Al1 (1a), (0, 0, 0)  
OCC  0.824(9) 0.760(7) 0.823(3) 
Beq (Å2) 0.60(8) 1.38(9) 1.27(7) 
Al2 (2d), (1/3,2/3,z) 
z 0.5258(5) 0.5262(1) 0.5269(6) 
OCC 0.770(7) 0.769(6) 0.713(3) 
Beq (Å2) 0.46(6) 0.96(8) 1.02(5) 
Al3 (3f), (x, 0, 0.5) 
x 0.7538(2) 0.7530(2) 0.7528(1) 
OCC 0.452(4) 0.386(5) 0.442(2) 








U22 0.0134(6) 0.0170(7) 
U33 0.00355(6) 0.017(1) 
U12 0.0067(6) 0.0085(3) 
U13 0 0 
U23 0 0 
O1 (2d), (1/3,2/3,z) 
z 0.1685(4) 0.169(1) 0.1694(4) 
OCC 1 1 1 
Beq (Å2)  1.6(2)  







U22 0.0129(7) 0.0130(7) 
U33 0.0062(9) 0.0039(9) 
U12 0.0645(7) 0.0065(3) 
U13 0 0 
U23 0 0 
O2 (6g), (x, y, z)       
x 0.4547(2) 0.4562(2) 0.4546(2) 
y 0.2953(2) 0.3002(2) 0.2956(2) 
z 0.3258(3) 0.3284(3) 0.32473() 
OCC 0.901(3)  1 0.888(2) 







U22 0.035(1) 0.021(2) 
U33 0.0051(6) 0.012(1) 
U12 0.0028(7) 0.003(1) 
U13 0 0.002(1) 
U23 0 0 
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O3 (6g), (x, y, z)       
x 0.2157(2) 0.2174(6) 0.2154(2) 
y 0.0927(1) 0.0900(5) 0.0922(2) 
z 0.7679(3) 0.7713(7) 0.7671(3) 
OCC 1 1 1 
Beq (Å2)  1.8(1)  







U22 0.0259(7) 0.022(1) 
U33 0.0045(6) 0.005(1) 
U12 0 -0.004(1) 
U13 0 0.0031(7) 
U23 0 0 
O4(6g), (x,y, z) 






y 0.531(2) 0.528(2) 
z 0.503(2) 0.501(2) 
OCC 0.115(2) 0.113(2) 
Beq (Å2) 2.5(2) 2.4(2) 
O5(6g), (x, y, z)  






y 0.129(2) 0.135(2) 
z 0.397(3) 0.408(2) 
OCC 0.112(3) 0.104(2) 
Beq (Å2) 4.1(4) 3.9(4) 
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